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DEPARTMENT OF THE ARMY
WATERWAYS EXPERIMENT STATIGN. CORPS OF ENGINEERS
P. O. HOX 631

VICKSBURG. MISSISSIPRPI 39180

WESYV 29 April 1977

SUBJECT: Transmittal of Technical Report D-77-4

TO: ~11 Report Recipients

1. The report transmitted herewith :epresents the results of a study
of dredged material dewatering concepts evaluated as part of Task 5A
(Dredged Materjal Densificavion) of the Corps of Engineers' Dredged
Material Research Program (DMRP). This task, included as part of the
Disposal Operations Project of the DMRP, is concerned with developing
and/or testing promising techniques for dewatering or densifying (i.e.,
reducing the volmme of) dredged material using mechanical, biological,
and/or chemical techniques prior to, during, and after placement in
containment areas.

2. Rapidly escalating requirements for land for the confinement of
dredged material, often in the midst of urbanized areas where land values
are high, have dictated that significant priority within the DMRP be
glven to research aimed at extending the life expectancies of existing
or proposed containment facilities, While increased life expectancies
can be achieved to some extent by improved site design and operation and
to a greater extent by removing dredged material for use elsewhere, the
attractive approach being considered under Task 5A is to demnsify the
inplace dredged material. Densification of the material would not only
increase site capacity but also would result in an area more attractive
for various subsequent uses because of improved engineering properties
of the material.

3. The technical objective of this study (Work Unit 5A03) was the evalu-
ation of techniques for dewatering/densifying dredged material before
and/or after placement in confined disposal sites. The study included
conventional techniques used in soil mechanics and foundation engineering
and by industries such as phosphate and aluminum processors to dewater/
densify large containment areas. ‘'the evaluations were made on an
engineering judgment basis by experts from the WES Soils and Pavements
Laboratory and without laboratory or field research. The purpose of the

study was to provide information for use in the overall development and . 1‘?},
field evaluation of promising dewatering/densifying techaiques for L TN
dredged wmaterial. e 2
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; SUBJECT: Transmittal of Technical Report D-77-L
' 4, The study included (a) a comprehensive review of existing conventional

treatment methods for maintenance dredging of soft and compressible sedi-
ments, (b) evaluation of the technical applicability of various conventional
techniques that could be applied before and after dredged material has

been placed in the containment area, and (¢) approximate evaluation of
relative economics of the various techniques. The methodslogies considered
included conventional stabilization techniques used in soil mechanics

and foundation engineering such as surcharge loading, vertical drains,
underdrainage, and internal drainage systems; chemical additives; and
mechanical working of material. An effort was also devoted to the establish-
ment of the characteristics and properties of dredged material in exist-~
ing disposal areas,

5. It was concluded that dredged material in disposal areas is similar
to material successfully treated by conventional foundation and engineering
practice, but the practicability of using these techniques to increase
disposal area capacity depends more on economic and other factors than on
technical considerations, It was concluded that seepage consolidation
and underdrainage with and without vacuum pumping offers significant
potential and should be investigated. Desiccation of dredged material
placed in relatively thin layers is especially attractive both in cost
and quantity of additional storage capacity achieved even though the
concept may have limited application. Recommendations are also made for
laboratory and field research. Results of this theoretical study should
be considered tentative pending completion of the applied research.
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6. Major field studies on dewatering techniques are now in progress in
Mobile, Alabama. The techniques being evaluated were selected on the
i basis of the results from this study and other feasibility studies conducted
as part of Task 5A. The studies in Mobile include the underdrainage
and desiccation studies recommended in this report. Definitive information
) on the feasibility of these techniques will be provided in guidance in
E . the synthesis reports within Task 5A.
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20. ABSTRACT (Continued)? Oy i

- 1techn1ques can be used to densify/dewater dredged material as 2 means ﬁér dn-

ere pg-the~storage capecity of disposal areasy TThis Wwas doné& én’ g Jdaéméntf
ba31g‘and without laboratory~9gAi1eld research. -~ Coarse-grained dredged mate-

rial was not included 1n2%pls study,—uh+e&>was ‘restricted to clays and silty
clays,”which have high wafer contents after placement in disposal areas.

It was concluded that conventional stabilization technigques can be used
to increase disposal area capacity but +hat economic constraints may restrict
their use,4nsome-areas.-—It-was found-bhatmthé‘yater content, density, and
Atterberg limits of fine-grained dredged material in existing disposal areas
are inadequately known, and79 large-scale but relatively low-cost sampling
program is recommended to investigate existing disposal areas of various ages
containing various depths and types of dredged material.éfﬂ‘-

A variety of conventional stabilization technigues were evaluated. It
was concluded that seepage consolidation and underdrainage with vacuum pumping
offer significant potential and should be invesiigated. Desiccation of
dredged material placed in thin layers is especially attractive both in re-
gard to cost and quantity of additional storage capacity achieved, even though
the concept may have limited application.

Selected research is recommended and is considered essential. This
includes construction of simple but large-scale sedimentation consolidation

| test devices to investigate fundamental aspects of stabilization processes

and benefits of various stabilization techniques.

The increase in storage capacity available from densification treat-
ments should be compared with the alternative of raising the height of re-
taining dikes and placing greater thicknesses of dredged material in disposal
areas. The latter 1s generally more economical, but may not be possible in
some localities because of environmental constraints or because weak foun-
dations are a limiting factor for small disposal areas. Where disposal area
foundation consolidation and/or thickness of dredged material is large, densi-
fication treatment is especially beneficial.

Appendixes include a description of river sediments, a general descrip-
tion of conventional densification techniques, and calculations for the

economic evaluation of densification techniques. (FnosanpoundtseuswemmyEne
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ERRCUTIVE DUMMARY

The obJective of this stualy was ‘o evaluate conventional Lech-
piques for densitying dreeqeed material by dewatering to increasce dis-
posnl area storage capucily and Lo improve the engineering character-
isties of the materaial,  The report includles a comprehensive review of
conventional trestment melhods and technical and cconomic evalustion of
surcharge loading, vertical cand drains, underdrainage, chemical addi-
tives, and mechanical working techunigues tfor densitying dredged material.

A silgulticant clfort was devoted to the establishment of the
churacteristics and poopuertics ol dredged nmaterial in existing dicpousal
arcas, When pwrped jnto g disposal arca, dredpged material commouly may
have o dry solid content ranging from 7 to 2% percent by weight or wutlzr
contentys ranging rrom about 1300 to 300 p.rcent. After a period of tino
(ranging from months to years), depending ou the character of the dredped
material and the nature of the disposul wroea, a crust may form below
which the material may have a water content approxXimately equal to 80
to 140 percent of the liquid limit.

Foteatlal costs for dewatering and densifying dredped material
are illustrubed tor an assumed Initisgl condition of material 1u the
disposal arca as [olliows: a develioped surface crust 2 L thick, grounia-
waler at a depth of 2 L, 10-It thickness of dredged material, initial
water content below water lLable equal to liquid limit, and liquid limits
ranging from 50 to 200, Treatnent methods considerea inciuded: tem-—
porary succharge Tills up Lo 10 0t highy Lemporary surcharye Uill with
vertical sand drains (20 Pt of dredecd mnaterial assumed rfor this trent-
ment method only); wabter vonded surcharge up to 15 £L deep with membranc,
sand bLlanket, and collector:s; suclace vocuws mal Wit menmbrane, soed
blanket, collectors, and vacuum pumping Tor 5 yr; underdrainage with
collectors and sand blankel; underdrainage with sand blanket, collec-
tors, and vacuum punping; seepuge consolidation with wderdvainoge sohsd
Llankel, vollectors, and ponded water surchavge {(ho membranc)s aud

desicceabion Ly plucing in Lhin layers, suriace drainape, and neminal
J e ) > (s

Lrenching.,  Costs ranged rrom 311080 per cu yd of increuased storape
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capacity for vertical suand drains with 10-11 surcharge on dredged muate-

riad with a Liquid Limit of 50 to $0.33 per cu yd tor desiccation ot
dredged material with o liquid limitl ot 200.

Chemical flocculating agents cuwrrently used by the phiosphate and
aluminwn lndustrics accelerate sedimentation of slurries, but unlesy
other Lreatment melhods are used, the end product has a waler content of
about 200 te 600 percent; this is greater than that desired for densi-
ficd dredsed materiaul. Other chemical agents such as caleium hydroxide
and calcium carbide, while capable of dewatering dredged material, arc
very costly and are relatively ineftective for crealting a reduction in
volume because ti @ chemical reaction with water produces a chemical
residue off sipnificant volume.

It is concluded that dredged material in disposal areas is similar
to materials successlully treated by conventionsl foundation engineering
praclice, but the practicability of using cenventional densification
technigues to increase disposal area capacitly depends more on economic
and other factors rather than technical considerations. YFor dredged
nater: .l .ith water contents equal to liguid limits ranging from 50 o
200 percent, volume changes of from 10 to 60 percent can be produced
depending on treavment metnod used. Desiccabtlon of thin layers wus the
most cffective means for increasing disposal area capacity and was the
leest costly. A cholce of other methods can be made on the basis of
time avallablec for dewatering and availability of underdrainage, which
generally must be provided prior to dispesal upuraticin,

Surface drainace and surface drying should be promoted during den-
sification to reducc water contents to the liguid limit prior to special
treatment,. The foundation consolidaution mey result in subslantial addi-
tional disposal arcu capacity and shiould be estimated when evaluating
pousible use of densificution treatment to increase capacity. Dike
rui ting 15 the lowest cost albernative for increased storage capucity,
where permissible.

The study lound that the following laboratory research is

leceisnry .
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a. Determine the sedimentalon-consolidation chliaracteristics of
dredged material.

L. Fvaluste a varicely of new dralnmge materials ang proposoed

techniques (loarge-sceale laboratory testing is necessary to

avold technleal objeclions Lo previous small-scale tests and

to investipgule proposed densification techniques before under-

taking relatively expensive field tests).

The tollowing l'ield investigation is also recommended:

Decermine in situ conditions of dredged material in disposal

l».

areus.

Test proposed drainage techniques including pumped underdrain-

b.
age with induced vacuum and seepage consolidation with and
without pumped underdrainage and induced vacuum.

¢. Test the cllicacy of desiceation by vegetation.

d. Delermine techniques for efficlently introducing flocculauts
into dredged material slurrics.

The effects of curthquakes were not considered. Where earthquakes

are possibie and the eflecls of dike fTailure snd loss of dredged mate-

rial may be objectionable, separate studies are required. In such stud-

ies druedged material should be considered Lliguefaction susceptible.
Supplemental informution in the appendixes includes a description

of river sediments, a general descriplion of conventional densification

techniques, and calculations ror the cconomic evaluation ot densifica-

t.ion techniques.
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PREFACE

The study reported herein was made by the Soilo and Pavemonts labo-
ratory, U. 8. Avmy Engincer Wotorways Bxperiment Station (WEG), under
the direction of Mre, James b, g_‘,alv, Chietl', as part of the Corps of Fugri-
neers Drodeed Material Research Program (DMRU), Bisposal Operations Troj-
ect, DMRD Work Unit Tio. SA03. _Yurts 1 and V throuwsh VITT were preparcd
by Mr. Stanley J. Johnson. Part IV was prepaced by Hr, Rovert W, Cunny,
and Parts 11 and I1I were preparced jolntly by Dr., Edward B. Perry and
Mr, Johnson. Dr. Perry prepared Apvendix A, Mr. lLeslie Devay prepared
Appendix B, and Mr., Johnson prepared Appendix C, PorbLions ot Lhe roport
were discussed with Mr., Walter . Sherman, Jr., who also made several of
the vigits to Distriot offices.

The DMRY is assigned to the Fnvironmental kffects Laboratory,
under the general supervision of Dr. John Harrison, Chief; the Disposal
Operations Project of the DMRP is managed by Mr. Charles C. Calhoun, Jr.;
and Dr. 1. Allan Haliburtoun, DMRP Geotechnical Ingineering Consultant,
was manager for the work unit.

The Directors of WES during the work and publication of this
report were COL G. k. liilt, CE, and COL J. L. Cannon, CE. 'lechnical

Director was Mr. . R. Brown.
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CONVERSION FACTORS, U. O. CUSTOMAKY T0O
MIZTRIC (S1) UNLTS 01 MEADURIMBNT

U, 5. customary units of mcusurcment used in this report can be con-

verved to metrice (O1) units as f'ollows:

Multiply By To Cbtuin
mils 0.0025h centimetres
inches 2.54 centimetres
fect 0.3048 metres
miles (U. 8. statute) 1.6093LL kilometres
square feet 0.09220304 square metres
acres LOh6, 856 square metres
cubic feet 0.02831685 cubic metres
cubic yards 0.76L555 cubic metres
gallons (U. S. ligquid) 0.003785412 cubic metres
pounds (mass) 453,59237 grams
tons (short) 907.18L7 kilograims 3
pounds (mass) per cubic 16, 01846 kilogzrams per cubic ;
foot metre ]
3 pounds (force) b, 4LBoeo newtens i
: pounds per square inch 6894, 757 pascals i
i pounds per sguare oot L. 882428 kilograms per square !
netre o
tons per square oot 95, 76052 kilopascals
) atmospheres (normal) 101. 325 kilcpascals
feet per mi:-ite 0.00568 metres Ler second ;
. 1i lowst t=hour 3600000. 0 Joules 1
‘ horsepower (550 Toot- Thy. 6999 walls 3
i. pounds per second)
4 root-pounds (foree) 1.355818 Jjoules i
i i Fahrenheit degrecs 5/9 Celsius degrees or
m: Kelvinc#

¥ Yo obluwida Celsius (C) temperature readings rom Fahrenheitn (F) read-~
ines, use the following formula: C = (5/9)(F - 32). To obtain Kelviu
() rewlines, ase:r Y= (579)(000 = 30) + 273,15,

]
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STATE-01'=THE-ART Al PLICABILITY OF CONVENTIONAIL j
DENGIFICATION WHCHIIQUKS TO THCKEASK a
DISPOLEAL ABRMA CSTORAGK CAPACLTY 5
]
PART I: IKTRODUCTION ]
Objectives
1. Tusk S5A of the Dredged Material Research Program (DMRF) of ?
ithe Corus of Ingineers (CK) has as its objective the developing and ]
testing of promising techniques for devatering or densifying dredged
material using physical, biological, and/cr chemical methods.
2. The vork described in this report is a subtask under Research
Tusk SA and has as its primary technical objective the evaluation of
techniques for devulering/densifying daredged material after placement
in continzd disposal sites. ‘The subtask involves an engineering eval-
: uation of the applicability of conventional techniquec used in scil !
mechanics and foundation engineering and by industry to dewater/den:ify f

4 large contuinment areas. The principal reason for densifying dredged

materinl placed in containmenl aresas is to lncreuse disposal arca

‘

sturege capacity. A sccondary objective, occasionally important, is

to improve the engineering characteristics of disposal sreas Lo muke
them sultable for subseguent development or to make the dregred materisl
¢ sultuble as o source of borrow.

A ultimate objective ot work described herein is to minimirze

2
D

3 et AT e e e s

c the number of new disposal areas required Lo contaln dredicd malerial
v and Lo entance tne environmenial impact of luld disposal Ly providing
sites which can Le ulilized for veneliclial purposes. An associabed

benetit s Lo produce significout cost savings in disposing ol dredged 1
: material,

Deone
———

I This stwily cevalustes Lhe feasibllity of densi{ying dreqdged

.

matoerinl plouced in confined disposal srews.  The vork included:  (a) o




Caa s,

comprchensive review ol existing conventional treatment methods for
maintenance dredging of soft and compressive subsoils ‘dredging of new
works scomebimes contains clay balls or lwups of clay in a matrix of soft
clay, bul the tresiment of these materinls is excluded from this study);
(L) evalusticn of the technical applicability of varlous conventional
techniques that could be applicd before or after dredged material has
been placed in confined disposal areas; and (¢} approximate evaluabion
of relalive economics of various techniques.

¢ The scope of work involves application of cenventional tech-

) .
The method~

nigqucs Lo both active and inactive confined disposal sites.
ologies considered included conventional stabilization techmiques used
in soil mechanics and foundation engineering such as surcharge loading,
vertical drains, underdraingge and internal drainage systems, chemical
additives, and mechanical working of material.

6. The scope of work wlso ineluded a literature review, It gen-—
erally excluded densification concepts of an innovative orx unproved

or the conduct of field tests of the applicability of conven-

nature
tional soil mechanics and foundation engineering techniques. As part
of the work done, visits were made to the Hew York Port Authority

(HYPA), the Horfolk, Seattle, and San ¥Francisco Districts of the CE,

and various private firms.

General Technical Considerations

T. 'The simplest method of conlining dredged material employs

low dikes and large disposal areas, oul this method is not always jpos-

sible beeause of land cost and use restrictions. An alternative is to

restrict the size of the disposal area and tou gradually increase the

height of retaining dikes and tuickness of material placed in the dis-
pogal area. Whilce merely increasing the helght of retaining dikes and
thickness of dredged material ultimately becomes undesirsble for tech-

nicol and westhelice reasons, lund ereavion is a low-priority use in
DIFMRY comparced Lo space creatllon.
foundation

~ s

8. Conventional techmigues used in 20il mechanics und
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empineering to stabilize (i.e., dewster und densify) soft materiels in-
volve consideration ol ultimate results together with the time rete at
which desired benefits can be gchieved.,  Sowme aplplications of conven-
tionul techniques do not require cpecial means 1o accelerate the rate
ol' densiflicecion.  Under other circuamstances, the desired results can-
not be obtained in the time desired, and additionul provisions are made
to accelerate the rate of densification., Yor example, g surchars? loau
will dencify underlying materials, but if the thickness . soft mate-
rials 1is large, the time required muy be several decades, Where wul..
is the case, vertical drains can be provided that decrease the Jength

of dralnage paths and accelerate the rale of consolidation. 3Since the

drains increase the cost substantially, they are not provided unless

reguired. Where disposal areas are large and the rate of placement of

erait Lo

dredged material i1s slow, adequate time may be available for densifica-
tion without installing special provisions for accclerating the rate of
densification. In other locatlions, this will not be the case and added
money must be expended to obtain the desired results within the time

available.

P 9. The time ractor is, therefore, & major consideration vhen ¥
‘ evglualing densification techniques., This makes it essential that plun-
@ ning, engineering, and operation consider long-range utilization of
disposal areas so that time requirements for the mosl economical tech-
niques can be anticlpated. Unless planning is done sufficiently early,
some low-cost alternatives may be precluded because cerlain construc-

tion work was nol undertaken before the disposal ares was placed in

"

operation. Tor ecxample, underdrainage layers cannot be added after the
disposal area is filled, Planning faclors relatling lo dispusal arca
nonagement are listed in Table 1.

s 10, Aftcer initiation of this study, it was found that relatively

little aefinitive information was svailable on the condition of dredged

/ molerial alter sedimentation in disposal areas. Since this is the start-
:
ing point for studyinge densitication treatment, considerallie offort woo
expended Lo ind duta relating to in situ conditions of dredped malerial :
yluced in aisposal areas,
3
3
3
3

1]
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Iiconomic Consgiderations

11. The cost of techniques used in soil rechanics snd t'oundation
englinecring ror densifying soft materials diflers enormously. Since the
avaliablility of dredged material disposal sites varies greatly, it is

impossible Lo generalize on the ecouomic burden thal can be assigned to

disposal of dredged material,

12. In somec areus, as in the Norfolk Districti, CE, large disposul
sites are available that cost as little as $0.0L* per cubic yard#¥ of
storage capacity, “This prohibits usc of even the simplest densification
technique. In many areas, tolerable disposal area costs vary from $1.00
to $3.00 per cubic yard,t which is sufficient to permit various conven-—
tional densification tzchniques to be considered. Occasionally, the
cost of proviing a disposal site msy approach $5.00 to $10.00 ver cubic
yard,? and almost all conventional techniques uscd in soil mechanics and
foundation engineering can be considered.

13. The evaluation of individual treatment methods depends
greatly upon site conditions, and detailed studies should be made com-
paring varicus cliernatives. The nethods discussed in this report are

intended to illustrale approaches that can be used Lo evaluate alterna-
tives in iight of loucal and techniesl factors.

1k. ©Opecific techniques will be discussed individually, but the
most efficient use of disposal areas may involve either the concurrent,
or staged use of more than one approach. The mosit ef'ficient use of con-
{ined éisposal sites will be achieved Ly carly and continuous planning
and compurison ot technical and cceonomic aspects of available technigues,
follovwed by field instrumentation to determine results being obtained.,
Technical evaluation of various slicrnstives must be congidered as a
process starting when a disposal arcu is first being plenned and contiu-

uing throughoul its operstion., This entalls: (a) detailed investiration

¥ Jom lawless, versonal comumunicsbtion withi K. W. Cunny, 10 Junce 1979,
¥% A tuble of factors for converting U, U, custemary wnits of measure-
ment e metrie (0I) is pilven on pupe 8.

Fersonal comnunication, Roger Zaucier o Stanley Johnson.
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ol materials 1o be dredged; (b) laboratory tests to determine their
physicul properties, such as grain size, Atterberg limits, and consoli-
dalion characteristics; (c¢) detailed cousolidution and densiflication
treatment analyses, considering all alternatives; and (d) Tield in-

strumentation and continuing analyses.

¥ b

Arrangement of Report

O

15, The main text presents only &sscntial discussions; supple-
mental inrormation that amplifies or substantiates Lhe lext is given
in the appendixes., A general description of conventional densification

techniques is given in Appendix A,
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PART 11: ENGINEERING PROPERTLIES OF DREDGED MATERIAL

General

16, 'The small amounl of dats currently available regarding the
types and physical conditions of dredged material placed in disposal
aresas made it advisable Lo supplement this data by whatever relevant in-
formation that could be obtained. Materials to be dredzed were deposited
in a sedimentary environment generslly similar to that found in disposal
areas. For this regson, data from field and laboratory testing of
in situ materials requiring dredging have been reviewed. These are

summarized in Appendix A.

Propertics of Dredged Material Placed
in Confined Disposal Areas

Placement of dredged
matcerial and formstion ol crust

17. When dredged material is pumped into a confined disposal area,
the dry solids contenl may range from 7 to 25 percent by weight.l i%
the material 1s allowed to remain undisturbed for a few hours to a few
weeks, sedimentation will occur and free water can be decanted through
a sluice., The surface of dredged material exposed tg the atmosphere
will begin to dry and g crust will form. The depth of the crust will
increase with time of exposure generally at a rapidly decreasing rute.2
The ultimate thicknessc of the crust will depend upon underdrainage,
vegetation, and climatic conditions.

18. Little definitive information is available regarding engi-

2,3 Available information generally

neering properties of the crust.
concerns the movement of men or equipment on the surface of the crust.
In describing the condition of the surface crust at Penn 7, a confined
disposal areu near Toledo Harbor, Krizek and Salem3 noted there was a
period of time during early crust formation when the disposal area was
inaccessible., Later it was possible to walk on the disposal ars: gur-
face using plywood mudshoes. Btill later the erust was capable of sup-

porting sn individual.
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19, Bishop and Vaughan2 described the condition of surface crusls
al disposul areas in Mngland., At Marchwood it was just possible to walk
on the surfuce after 1 yr. Aftver 3-1/2 yr, a Tirm crust capuble of sup-
porting cattle extended down about 1 ft, The effects of surface drying
extended down to aboul 3 L. At Rainham, the surface could be walked on
after 6 months., At Teesmouth, a surface crust of S00-psf average un-
drained strength and 2.5%-1{ thickness had developed after T yr.

20. At the "Navy Area," Port Newark, N. J., the NYPA found thatl
after 5 months portions of a dredged material disposal area had de-
veloped a crust capable of supporting personnel, but no crust had formed
in low areas.

Effect of organic matter

21, Organic matter in dredged material may be in the form of
Sanitury sewage, industrial waste, petroleum products, agricultural
wastes, and Iibrous material from vegetation growth during dormant
periods when no dredging occu.rs.l'l As shown in Figure 1, an increase
in the amounl of organic matter results in 2 decrease in the maximum dry
density and an increase in the optimum moisture content for an illitic
soil.S Similar effecis also occur in s~dimented soils coutaining or-
ganic matter. The influence of temperalure on the behavior of organi~
s0ils is discussed by Habibagahi.6 The presence of organic matter in
dredged material may generate gasses which could cause expansion under
low-intensity loadings.3

Engineering propertics - Delaware River

22. Ingineering properties of dredged material in confined dis-
posal areas along the Delaware River are given in Table 2.7 This mate-
rial was sampled and tested several yeors following placement in the

disposal area. The average dry unit weight, was 51.6 pef. The average
ratio of water content to liquid limit (LL)* was 0.80. The average 1li-
quidity index (LI) was 0.65. The Atterberg limits are plotted in Fig-

ure 2 and fall practically on the A-line. Relationships involving the

¥  Jor convenience, symbols and unususl sbbreviations are listed and
defined in the Notation (Appendix D).
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! Figure 1, Influence of organic carbon content on compaction
. . e . N N - N c
characteristics of illitic soil (from Schmidi~)
.
Ll, water content, and percent solids are given in Figure 3 for soils
plotting along Casagrande's A~line on the plasticity plot.
‘ Ingincering proverties - Toledo llarbor
- . 3,8-1U4 ! L .
23. Kriuzek and co-workers conducted extensive investipa-
¢ tions into the engineering properties of dredged malerial placed in con-
v fineda disposal areas near Toledo Harbor. Results ol these investiga-
) tions on maintenance dredging from the freshwater environmenl ol ihe
Great Lakes should not be indiscriminately applied to dredged material
.
fu . . v . . . o
N from saline envivomments. Since these investilgations were unucusily ex-—

tensive and represent the larpgest source ol engineering data on re.n-
wauler lisposal sites, they are veviewed fuodetall. The Cour disponal
arcas arc shown in Figure b ALL four arcas are heurly rectangular iun :

plun ana cnclosced by dikes rangcing from abcut 12 to 20 4 in height.
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The islund site Ls located ot the mouth of the Maumece River at the en-
trance to the bay. The other three sites are locualed along the north
butik ot the Muumee River near its mouth. About 9 million cu yd of
dredged muterial was deposited in these tfour containment areay during
the period 1964-197h,  The cumulative volume of dredged material de-
posited in the Toledo Horbor disposal arcaus is shown in Figure 5. Engi-
neering properties ol dredged material in Jhv various confined disposal
areus are given in Table 3.3 Bused on the results of classification
tests, it was found that the characteristics of dredged material de-
posited in the four sites listed in Table 3 were essentially the same,
thereby enabling data from the different sites o be synthesized and
interpreted us representative of one large site spanning a period of
about 8 yr.3

2l Sumpling. Krizek8 and Hummel]6 presented “nformation on
sampling Leclniques developed. Most of the sampling was done after for-
mation of & desiccated crust firm enough to allow access by foot. It
was necessary to use custom-designed, lightweight, hand-operated sampling
equipment.. The materials sampled were mostly fine-grained OH soils with
a waler coutent slightly below the LL. A 3-in. piston sampler was used
to obtain undisturbed samples, Thin tubing was used as liners in the
core barrel to minimize sample disturbance during extraction, handling,
and storage. An air vent connected the holiow stem of the rod to the
cutting tip to reduce suction and facilitate sample retrieval. OSample
recovery in the soft materials was nearly 100 percent.

29 Waler contents, limits, and densities. 'The average ratio

.

o the water content to the LI, (Table 3) was 1.08 1 yr alter deposi-
ticn. For times of 3 to 8 yr after deposition, this ratio was about
0.85. LI values for corresponding times were 1.1h and about 0,05,
respectively. The plasticlty relationships for the dredged material
are given in Figure 6 according to Krizek et al.g’g Atterberg limits
listed in Table 3 are vlotled in Figure 2 and are close Lo the A-line.
26. ‘'fhe rapid increuse in dry unit weight with time is shown in
Figure 7.13 The average organic malter present in the dredged materiual

wus aboul 5 percent.
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7. Effect of distancce from inlel pipe. As shown in Figure 8, E

borings were located to enable the determination of dredged material
properties versus distance from the inlet pipe or overfiow weir.3 The E
variation in aversge grain characteristics versus digilance from the in-
let pipe for Penn 7 di§posal areca is shown in Fipure 9.3 The effective
particle size, D , decreascs from about 0.3 to 0,001% mm in a dis-~

¢ 10 E
tance of about 30 m., In the following 300 n, DlO fluctuates with no
N definite trend. A gradusl decrease is noted from about 0.001 to
0.000% mm in the vicinity of the overflow weir where surface waler

st normally covered the site. The percent {ines (<0.07Th mm) iucrease from

FETP T

- zero near the inlet pipe to 90 percent in 160 m. Any sands present in

the dredged material tend to drop and displace underlying soft malerisls

ncar the end of the pipe.
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28. Decrease in permeability witih decrease in void ratio. As

sphown in Figure 10, the coefficient of permeability decreased from about
107 to about 10_9 cm/sec as the void ratio decreased from approximately
10 to l.lr Most permeability values for the firmer materials, which had

6

void ratios between 1 and 2, were in the range of 10 = to 10~8 cm/sec,
Two field infiltration tests yiclded permeabilities approximately three
orders of magnitude higher than thosc obtained from laboratcry tests on
undisturbed samples.

29. The influence of salinity of depositional environment on the
structure of clay is that high salinity causes a more dispersed struc-

ture.lB’lQ

Incressed permeabilities may occur in dredged material de-
posited in saline environments compared to permeabilities measured in
freshwater deposits in the Great Lakes region.

30, Consclidation characteristics. The results of slurry consol-
20-22

idation tests on dredged material yielded the empirical equation:

C, = 0,02(L1, ~ 22) (1)

where CC = compression index. However, the range of LL values (60 to
76 percent) was relatively small. This equation gives considerably
higher CC values than given by other correlations for LL more than L4O.

31. An incregse in void with time during consolidation at low in-
tensity of loading was believed to have resulted from gas generation.
Analysis of a gas sample revealed 3.6 percent oxygen, 15.7 percent car-
bon 8ioxide, 16.8 percent methane, and 63.9 percent nitrogen.

32. The initisl waler content v also has a significant influ-
ence on consolidation behavior al low-intensity loading.23 Secondary
compression was found to be s?gnificant and was generslly more than one-
nalf of the total Settlementgu under low loads. The secondary compres-
sion tended to increase in a linear nanmmer with the logarithm of time
for a considerable period of time, aftcr which the rate of secondary
compression increased significantly reaching a maximum and then decreas-

ing. The influence of tempersbture on the sccondary compression of or-
25

punic soils is discussed by Ho. The relative importance of secondary

compression will be considercd further in Part V.

25
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33. Field settlements. Field settlements measured at Penn 7 con-

fined disposal area are compared with settlements predicted using the
Casteleiro one-dimensional mathematical modelB’lo in ¥igure 11. This
k model accounts for bottom-drainage conditions, nonhomogeneousg material
properties, and consolidation and desiccation of successive layers of
dredged matlerial periodically placed in a disposal ares.

34, Shear strength. The relationship between undrained shear

strength and water content, dry unit weight, and LI are shown in Fig-

A ures 12-1k, respectively.3 The strength characteristics of the dredged

L material were found to be comparable to those associated with fine-
grained organic soils of comparable water content. As shown in Fig-

3 ure 15, the average field vane shear strength was found to increase with
l:orizontal distance from the overflow weir.l5 This variation is due in
part to the grain-size distribution. Coarse particles tend to settle

1 near the inlet pipe a&nd fine particles tend to settle closer to the over-
flow weir. The coarse material would drain and consolidate faster than
fine material, thereby developing greater strength in a given period of

time.

- .

3%5. Figurc 16 shows the average field vane shear stirength versus

age of landf‘ill.j Since the placement of material at a given site took

g
—

place intermittently during several dredging seasons, an equivalent zero
1 time, corresponding to the placement of one-hglf of the final volume of
dredged material in a site, was arbitrarily assumed. As shown in Fig-

ure 16, the shear strength increased corsistently and rapidly with time.

36. Sensitivity. The relationship between sensitivity and water

content, dry unit weight, and LI is shown in Figures 17-19, respec-
2
b tively.” The sensitivity of freshwater dredgings, as shown in Figure 17,
increases with a decrease in watcer content. The sensitivity c¢f macine
f

: . . . . 26
s clays increases With an increase in water content,

The sensitivity

of freshwater dredgings, as shown in FMigure 19, increases with a de-
crcase in LI. The censitivity of marine clays incrcases with an increace
in LI. 26

Engincering properties ~ Bulialo liarbor

o

37. The U. O, Army kngincer District, Buffalo, conducied studies”

2
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Chear strength versus L1 for dredged material disposal
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to determine the engineering properiies of dredged material in confincd
disposual areas in Buffalo Harbor. Tablie 4 lists these properties for
Diked Disposal Arca No. 1. Atterberg limits are plotted in Figure 2
and rall close to and slightly below the A-line, This dispossl area was
completed in November 1967 and used through 1971. Undisturbed ssmple
borings were made in Oetober 1971. The depth of Lhe dredged material
when sampled ranged from 11.6 to 14,5 ft and the age ranged from 1 to

I yr, The water contents averaged 1.04 times the LL and 13 of the 15
test values were between 0,84 and 1.11 times the LL,

Engineering properties -
Cleveland Harbor

38, The Buffalo District, CE, made an investigation at Cleveland
Harbor28 that was similar to that made at Buffalo Harbor. Table 5 gives
engineering properties in Diked Disposal Ar€a No. 1. The Atterberg
limivs are plotted in FPigure 2 and fall close to the A-line, Water
contents averaged 1.10 times the LL and ranged between 0.93 and 1.37
times the LL, This disposal area was completed in December 1967. Place-
ment of dredged material into the disposal aree started in the spring of
1968 and continued through the fall of 1969 with undisturbed sample
borings being made in September 1971. The deplh of dredged material
when sampled ranged from 23.5 to 25.3 ft.

Engineering properties -
Mobile Harbor (Upper Polecat Bay)

33. Jhe engineering properties of Upper Polecal Bsy disposal area

near Mobile Harbor are given in Table 6. Dredged material was placed

in this disposal area in 1971 and 1973. The dredged material was sam-
pled and tested in 1975. Between the surface and a depth of 6 I't, the
waler content was about 1.4 limes the LL, while from 6 to 10 ft, the
waler content was sbout equal to the LL. The Atlerberg limits fall close
to and above the A-linc (see lFigure 2). Additional laboratory tests are
in progress at the U, S. Army Engineer Waterways Experiment Station

(WES) to determine Lhe gradation, vane shear strength, and consolidua-
tion characteristics trom mndisturbed soil samples Trom this disposal
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Engineering properties -
New Orleans, la.

4o. The New Orleans District, CE, investigated dredged material
from the Mississippl River Gulf Cutlet after it had been placed in a
disposal area in 1960 and 196k4. Information on limits and water con-
tents is given in Table T7.¥ Atterberg limits are plotted in Figure 2
and fall well above the A-line, higher than for all other areas, but
below the U-line. The water contents ranged between 0.6 and 1.0 times

the LL.

Summary and Discussion of Properties of Dredged
Material in Confined Disposal Areas

41, The water content of dredged material in disposal areas at
the time of demsification treatment is of paramount importance in eval-
uating the efficacy of densification alternatives. If dredged material
is placed in a disposal ares and remains undervater, it will, for a
short time, be in a condition generally similar to that existing in
sedimentation tests. The water content in the upper foot might be b or
5 times the LL, while below this depth, the water content might be 2 or
3 times the LL. The material would be so weak that densification by
surcharge loading would be impossible because the shear resistance
would be too small for the dredged material to support any loading.

42, Conditions in dredged material disposal sites are, however,
considerably different than in laboratory sedimentation tests. While
the laboratory tests are useful, they relate to actual disposal sites
only for a short time period following placement of dredged material.
With time, surface and base drainage effects some lowering of the
groundwater level; a surfaece crust forms from desiccation; secondary
compression effeclts develop;, and consclidation occurs as the effeclive
velght of soll above the lowered groundwater level increases from it:s

submerged weight to its saturated weipght, vhicl: may be up to 5 Lo 10

*  Yersonal communicabion, 197%, Crum Cannon, Hew Orleans District, Hew
Orlicans, la.
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times greater than the slurry. After a year or two, {1 disposal area
lios reachied o more stable condition and densificalion ¢ »n be initiated.

Greal care should be taken because the materials bencatl. the crust are

st,1ll exiremecly weak. 4
43, Since conventionsl densification treatments are practicable

i

only al'ter some drainage has occurred and a crust has developed, the %

waler contents al Lhis stuge arc those relevant to densiticgtion anal-

yses. The benefits of densification treatments must be related to vol-
wne changes cuaused by the treatments; any volume and water content de-
creases that occur before the start of densification treslment should 3
not be credited to the treatment., Water contentis relevant to densifi-
cation analyses cannot be obtained from sedimentation tests but can be
obtained from tests on sumples recovered from borings made in disposal 1

areas. This is why much atilention has been focused on conditions found

i

in actual disposal areas at times when densification treatment might be
initiated.

4L, To some extent, the condition of recent channel fillings that
must be removed during maintensnce dredging approximates the condition

of dredged material pluced in disposal asreas. Consequently, and because

i
Ferd L ded Al

of the pauciiy of data from disposal sites, information concerning mate-—

antt

! rial to be dredged is also relevant to densification analyses. Hever-
theless, differcnces belween natural material in situ and when dredged ]

and placed in disposal areas may be subslantial. As reviewed, materials

¢ in disposal areas undergo water content decreasces and densification that
ao not occur in situ in natursl river bottom deposits. Hence, sediment
v should be in « more adverse condition than material in disposal areas.
by,  Information previously presented on dredged material in dis-
posal csites and on typical maleriasls that are dredged is summarized in
Falle 8. Values for the L1 and water content-liquid limit ratios arc
listed in Teble 9. 1L appears thet, with few cxceptions, water contents
in dispossl arcas arce less than 1.5 {imes the Ll and it is possible that
in rrechwatcer arcas the water content 1o about cequal Lo the LL.  The

average value for all dispossl sites is wbout 1.0, LI values sre gen-

nbandmieh, o iddee b USRS s 8 bt Y s ittt o DN T it e b e

1 . crally similor (Table 9).  Waler cuntent-liguid limit ratios wnd 11
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ratios are signiticantly higher for in situ materials typical of loca-
tions where dredging is required. Yor reasons glven, these are bvelieved
too high to use in densification analyses. Liquid limits of dredged
material are generally less than 200 (l'able 8), with most values be-
tween 50 and 100. For practical purposes, the Atterberg limits can be
ausumed to plot on the A-line (Figure 2). Typical specific gravities
are about 2.60 to 2.65. Many sites contain organic matter, as discussed

for individual sites.

Comparison of Dredged Materisl with Soils
Stabilized by Conventional Technigues

L4€, Stabilization of soft soils is a frequent necessity in soil
mechanics and foundation engineering, and a large amount of experience
is available on the performance of various stabilization techniques.
The most frequently used stabilization technique i1s surcharge loading
with or without vertical drains to accelerate the rate of consolidation.
This type of work is reviewed in detail in References 29-3L. The rele-
vancy of such work to dredged material is discussed in Bishop and
Vaug.han.2 Reierences 29 and 30 contain extensive references to stabiii-
zation case histories.

L'{. Engineering properties of some %{ypical soils stabilized by
precompression techniques are listed in Table 10. According to this
table, much experience exists in stabilizing soft, highly compressible
30ils with water contents in the range of 0.9 to 1.k times the LL.
Since this is about the same water content range as most dredged mate—
rial (Teble 9), conventicnal engineering experience appears appliicable
to densification of dredged material. Shear -trengths and compress-—
ibilities have not been discussed, but similar findings apply.

48, While the above comparisons and conclusions are bhelieved
valid for reasons cited, more direct justification is available for
considering conventional stabilization techniques for densification of
dredged material. DUredged material was siubilized for the Philadelphia
Internstional AJ’.r],)or't,:5 that had water contents elose io the LL, and

work done by the NYPA is especially relevant because of the innovative

38

e vttt i g




techniques that were used for construction.

L9, The NYPA had an area at Port Newark, N. J., the so-called
Navy Area, into which dredged material (glacial till) was placed hydrau-
lically in 1972 to an average depth of 20 ft. The plasticity index (PI)
ranged between 6 and 24, After placement, the dredged material was too
soft (water content was equal to or slightly greater than the LL, which
ranged from about 29 to 43) to support a man, but after about 5 months
a crust formed over part o the area. Sand fill was placed (causing
local soil displacements), 7ertical sand drains of the displacement type
were installed (197h), and the area is now (October 1975) under sur-
charge loading. The sand fill was placed hydraulically using end dis-
charge and a deflector, but any future filling work would probably be
done under water to obtain more uniform distribution of the sand fill.
This case illustrates that conventional stabilization techniques can be
used but require special construction expedients.¥*

50. ‘The conclusion that densification of dredged material placed
in disposal areas can be analyzed using presently avallable knowledge
and experience is net intended to suggest that speclial problems and
shortages of data and knowledge do not exist when aralyzing densifica-
tion for dredged material in disposal areas, These limitations will be

discussed subsequently.

*

Donald York, personsl communications to 5. J. Johnson, 21 Oclober
1979, also communicatic- 1 to R. W, Cunny during visit to NYPA,
16 June 1975.
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PART 111l: DESCRIPTION O CONVLNIIONAL
DENSTFICATION TECHNIQUNS

Densification Methodologies

51. Dewatering-densification methodologies can be broadly classi-
fied as physical, mechanical, chemical, or thermal. Specific treatments
may utilize certain features of various methodoleogies. These method~
ologies, together with general techniques under each and their status
regarding current state of development f{or subsoil stabilizstion, are
described in Reference 36 and listed in Table 11. A general literature
review of conventional subsoil stabilization practices is given in Ap-
pendix B, Chemical methodologies are discussed in Part IV. Thermal
techniques are in a research stage and are not reviewed, being beyond
the scope of this report. Electro-osmosis is an old but seldom used
technique and is also beyond the scope of this report and will rot be
discussed; however, it is being considered for dredged material volume

reduction.36

Physical Melhods for Densiflication

52. Physical methods group themselves broadly into loading,
drainage, and desiccation techniques. These treatment methods are
listed and described in Table 12 and are identified in Table 13 accord-
ing to benefils achieved.

53. The physical methods are used in so0il mechanics and founda-
tion engineering to reduce postconsiruction settlements snd increasse
shear strengths and bearing capacities of scfi, soils, When used for
these purposcs, the objective is to improve the properties of soft
soils so a site can be developed for construction purposes. In some
cases, the subsoils treated are extremely soft and spproach the prop-
erties of dredged materisgl after several yeurs in a disposal area.
Construction purposes for which stabilized soft scil areas are used

include construction of embankments and foundatlions for buildings,
29,30
Le. 25
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Loading techniques

54, Various loading techniques, listed in Table 12, are illus-~

trated in Vigure 20.89’30

As penerally used in conjunction with loading
techniques, vertical drains to accelerate consolidation serve only to
decrease the time required for densification. Vertical drains dissipate
excess pore water pressures developed by loading techniques.

55. SBurface ponding of water with a membrane on the surface of
the material to be densified (Figure 20) was used by the NYPA. A sand
blanket and collector pive system are required beneath the membrane for
this technigue. Surface ponding without a membrane could densify soft
soils if downward flow could be induced by drainage beneath or in the
50ft materisls, i.e., seepage pressure counsolidation. This method will
be examined in Part V in detail since it is not described in available
technical literature.

56. Surface loading by atmospheric pressure was 1 oposed by

Kjellman in 1952 (Reference 37 and TFigure 20). TFor su .arging large

areas, vacuum pumps and collector pipes in the sand btlanket beneath

the membrane would be reguired to avoid excessive head losses and facil-

-

o itate removal of water forced into the sand blanket.

Drainage technigues

i 7. Various treatment methods to secure dewatering and densifi-
cation by improving drainage arc listed in Table 12 and are shown
schematically in Figure 21. Drainage techniques can increase the settle-
ment of dredged material, thereby increasing the storage capacity of ihe

disposal area. Drainage can also accelerate the rate of consolidation,

i.ce., stabilization, of dredged material. The various types of verti-

cal drains that have bheen used or proposed for dewatering soft soils

function in the same manner as conventional vertical sand drains, Fig-

s ure 22 shows two typrs of paper drains developed by the Swedish Geotech-

- nical Institute. Ope such drain was reported by Kjel]man38 and was

‘ later adopted for use in Japan. The Kiellman type of vertical drain
was called a cardboard wick, but this term is g misnomer in the sense
thoal a wick implics capillary action, whereus Kjellman's drain did not

function as o capillary device. Kjcllman's cardboard drains (wicks)
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consist of a cardboard sleeve having small open channels that conduct
water under pressure vertically to a drainage layer. The cardboard
serves as its own filter.

58, A drain generally similar in concept to Kjellman's cardboard
vick was recently developed al the Swedish Geotechnical Institute and
is called a Ceodrain (Figure 22b). This device utilizes an inner piece
of plastic with grooves that conduct water and is surrounded by an outer
heavy paper that serves as a filter. Geodrains are not csapillary de~
vices., They appear tov be potentially useful in lieu of vertical sand
drains or as horizontal drains.

59. Underdrainage by lowering *“he groundwater level has beecu used
to effect consolidation of soft soils, The effect is increased if a
partial vacuum is maintained in the underlying material in which the
groundwater level is lowered (Figure 21 and Reference 35).

Desiccation by vegetation

60. Desiccation techniques are attractive and imply relatively
low=-cost treatment methods. These treatment techniques {(Table 12) are

- =4 4- 3

generally applicable to disposal areas to varying degrees.

6i, The use of vegetation tc sScoure dewatering-densification by
the water demand of root systems is attractive on the basis of engineer-
ing experience. Jt is known that some types of vegetation in swamp and
marsh areas reduce the soil moisture content and increase the precon-
solidation stress., In some areas where normally consolidated soils
were expected, subsoils were found to be preconsolidated by as much as
500 psf. This is a major henefit and a systematic investigation of
desiccation by vegetation is obviously of substantial importance to
engineering studies of disposal area densification. The eflfects of
vegetation are being investigated separately in the DMRP, WES.

Desiccution by capillary wicks

62. Capillary wicks (Table 12) have never been used for stabiliz-
ing soft soils and must be regarded as completely exporimental. They

were only recently proposed by Dr. James Spotts,¥* and are currently

¥ Personal communication, Dr. James Spotts, civil engineer, Soils and

Pavements Laboratory, WES, Aprii 1975.

hl,




being evaluuled for possible use in stabillizing dredged material. The
concept 15 attractive, but its polential cannot be assessed wlil nec—

essary research has been porformed. It will not be discussed herein.

Mechanical Methods for Densification

63. HMechanical methods for densifying dredged material include
surface drainage, surface lrenching, and reworking to accelerate desic-
cation. These techniques involve, therefore, drainage and desiccation
concepts and could also be listed under other methodologies. Less in-
formation is readily available on mechanical methods and are, therefore,
reviewed in some detail.

Laboratory tests on effects of mixing

6L. Greeley and Hansen (reported by Krizek et al.a) conducted o
lavoratory evaporation tests on dredgings from the Calumet River in
Chicago, Ill. The program consisted of drying dredgings, which were -
placed at depths of 2, L, 8, and 12 in., with and without mixing at a
temperature or TLPF and relative humidity of 58 percent. The 2-in. sam-
ples were mixed at l-hr intervals, L4- and 8-in. samples three times a
day, and there was no mixing of the 12-in. samples., As shown in Fig-
ure 23, nearly linear relationships were obtained for the reduction in
water content with time. The rate of drying increased with mixing but
was influenced more by a decrease in thickness of dredged material.
65. A laboratory study at WES is under way to quantify the rates
of" water loss so that field operations with regard to agitation fre-
quercies and duration can be optimized for various types of dredged ma-
terial slurry. Another laboratory study is being conducted to determine
the benefit of agitation on reduction in moisture content under con-
trolled foundation conditions. It is evident that controlled tests are
necessar, to separute mixing benefits from those caused by normal sur-
face decicentlon and downward drainage.
(6. The mechanism of mixing effects is not clearly understood.

Traditionally, tilling, or breaking up the surface of a cullivated agri-

cultural arca, is done partially * > inlerrupt capillary channels and
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reduce surtace evuporation.  From this viewpoiant surface agitation and
ho xing would appear to be of limited or questionable benct'ii,. The tests
under way should clarity this aspect.

©”. ‘The DLulch have developed a method Lo increuse the speed of
"ripens o' (biological and chemical process by which dredged material
is ¢ verted to earth containing animal and plant 1ife) of drcdged ma~

2,39-l The dredged material is pumped

terial from Rotterdam Harbor,
into confined disposal areas which are surrounded and subdivided into
comj irtments by dikes., Following sedimentstion and decanting of the
frec water, the dredged material is about 1 m thick.

68. About 2 months after filling, a vehicle known as the Amphirol
is brought into the area, leaving ditches about 10 cm deep. Figure 2h
shows the Amphirol and the Riverine Utility Craft (RUC), a similar type
vehicle used at Upper Polecat Bay disposal area near Mobile Harbor. The
Amphircl is supported by two cylinders that provide near buoyancy. The
vehicle is propelled by rotating the cylinders, which have a spiral cut-—
ting edge to cut small furrows in the wall of the ditches, which inivi-
ates cracking and ripening of the soil.

69. Two months later Lhe ditches are deepened by the Amphirol
pulling a pair of small disk wheels (2.5 m in diameter) through the
original ditches. Before the third stage, again 2 months later, a
good growth of swamp weeds has developed. A large disk wheel (3.4 m
in diameter) is pulled by tractors located on the dikes. A pattern of
ditches about 0.5 m deep and 10 m apart results. When the first layer
of dredged material has sufficiently ripened, the process is repesated
until the final height is reached. Underdrains have been used in scme
cases to promole consolidation. The thickness of the dredged material
layer after ripening will decrease to 60 to 80 percent of the freshly
deposited layer., A seven-layer deposit, with l-yr consolidation and
ripening time for each layer, will yield a L-m final thickness in about
10 yr. Grass is sown in desiccation cracks in each lift to dewater and

form o vegetative mat.
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PART IV: CHEMICAL DENSIFICATION TECHNIQUES

Phosphate and Aluminum Industry Technigues

Survey conducted

TO, As part of the effort for evaluating potential methods for de-
watering and densification of dredged material, contacts were made with
the phosphate and aluminum industries to determine what chemical treat-
ments are being used to dewater their waste slimes and to evaluate the
potential application of these procedures to dredged material. Visits
were made to the U. S. Bureau of Mines, Tuscaloosa Metallur - Resesarch
Laboratory, Tuscaloosa, Ala.; Florida Phosphatic Clays Research Project,
Lakeland, ¥la,; Andco, Inc., Buffalo, N. Y.; and Kaiser Aiuminum and
Chemical Corp., Gramercy, La.

Phosphatic c¢lay slimes

Tl. Phosphorus in America is obtained from phosphate rock ore
called matrix, which contains approximately equal parts of phosphate

minerals, sand, and clay. Over 100 million tcns of ore is mined an-

nually in ceniral Florida. The cre is mined with large draglines, 4
slurried, and pumped to washer plants where it is washed, sized, and

subjected to various benefication methods to produce phosphate rock

used principally for production of fertilizer,

T2. Phosphatic clay siurry produced by the washing process is a
waste product called slime. The slimes must be disposed of, but they
cannot be deposited into nearby streams because of the pollution problem
and instead are stored in ponds for reasons of economy. The uverage
solids concentration of slimes discharged from a plant usuaily ranges
from 2 to 6 percent by weight. The suspension is pumped into extensive
settling ponas constructed in the mined--out areas. However, because the
volume of stored slimes cvxceeds the volume of mined-out matrices, the
dams used for impounding the slimes extend above the ground to heights
up to L0 or 50 ft. The industry reuses supernatant water released from
the suspension as settling progresses, but Lhe combination of very slow

seltling and large volumes of slurry requires very large settling ponds.
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73. The minerslogical and engineering properties of the slimes are
summarized in Reterence 42. The slimes are primarily a suspension of
clay parvicles in water. The particles are of colloidal size (0.001 mm
and smaller), and tend to form a gel and remain in suspension. Settling
is slow because of the resistance of the gel to compression and the up-
ward flow of entrapped water, A plot of solids content versus depth for
six Florida settling ponds ranging in age from 1 tc 60 yr is shown in

Figure 25. The solids content for slimes less than 10 yr old and more
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Figure 25. ©Solids content .f phosphatic slimes from six
Florida impoundment areas't3
than 10 ft above the bottom generally ranged from 1L to 2L percent (this
is equivalent to wabter contents of 610 to 320 percent). The higher
s lds near the bottom are attributed to drainage of water from the
slimes into pervious underlying material,

Potential volume decrease

T4, The phosphate irndustry is highly motivated to find rapid and
economical methods for dewatering slime not only because of public pres-

sure to eliminate the potential environmental hazard of dike failures
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and slime spills but also because the slimes retain a significant smount
of water thal must be replaced for continued plant operations. An
estimate of the potential volume change that might be brought about by
dewatering can be obtained by inspection of Figure 26, which shows the
relationship between percent volume decrease and change in percent
solids. As an example, if slimes at an initial solids content of 20 per-
cent by weight could be dewatered to 35 percent solids, a volume de-
crease of alwost 50 percent would result. This volume decrease is sig-~

nificant to the phosphate industry. As hac been shown in Figure 25,
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slimes less Lhan 10 yr old are generally in a coadition of about 20 per-
cent solids. If the slime solids could be increased to 35 percent, all
slimes and sand tailings could be placed back into the pits from which
the phosphate ore had been mined. Elevated settling ponds would not be
required and the potential of dike failure and slime spills would be
eliminated,

Phosphate slimes research
by Tennessee Valley Authority

75. The phosphate industry has been studying ways to dewater
slimes more rapidly for many years. In the late 1940's and early 1950's,
the Tennessee Valley Authority (TVA) conducted an extensive study of a
wide variety of methods that might be used to dewater Slimes.hh These
methods included filtration, centrifugstion, drying, electrophoresis,
flocculation, ultrasonic irradiation, freezing, weighing, and stirring.
Their studies found that although it is technically feasible to dewater
the slime suspension to 50 percent solids by several different methods,
the expense of applying any of the processes is significantly greater
than that of storing the material in pcnds. However, they also noted
that thickening of the suspension by sedimentation is expedited by the
use of minimum amounis of watcr and dicpercing and flocculating agents
in the hydraulic classification coperation. They also noted that de-
watering of the suspension by filtration would be facilitated by lining
storage basins with a properly constructed fi'ter bed, and that pro-
visions for druinasge of surface water from ponds that had been filled
would permit drying of the mud by evaporation and by transpiration from
ensuing plant growth.

76, As part of their investigation of chemical agents, the IVA
studied the effect ot (a) amount of reagent, (b) type of floceunlant,

{c) type of dispersant, and (d) depth of suspension. For these tests a
standard slurry of 9 percent solids by weight was used. Sodium hydrox-
ide was the standard dispersant, caleium sulfate the standard flocculant,
and both were used for evalusting other reagents. These tests indicated
an optimum amount of dispersant and fJocculant above which slower and

decreased sedimentation occurs, Generally, 0.5 to 3 1b of dispersant
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and 3 to 7 1b of flocculant per ton of solids was used for these experi-~
ments., For the slurry tested, calcium sulfate was the most effective
flocculant for the first T hr, but sulfuric acid and calecium chloride
each were more effective after 24 hr. Suspensions that were dispersed
with sodium hydroxide and sodium silicate and later reflocculated with
calcium sulfate settled more rapidly than those dispersed with ammonium
hydroxide or sodium oxalate.

T7. DNone of the 32 different dispersants, 34 different floccu-~
lants, and L0 modifiers produced marked improvement in settling. The
depth of susLension appeared to have no effect on the settling for
short-period tests in the laboratory; however, the tendency of different
suspensions to form incompressible gels at different times subsequent to
agitation makes il difficull Lo evaluate the effect of depth. In all
of these laboratory tests it is important to note that the best floccu-
lants produced a sediment with about 25 percent solids after a period
of 17 to 2k months.

Florida Phosphatic
Clays Research Project

78, DMore recently, the Florida Phosphatic Clays Research

5 hE
Projecth'j)’h)’Iru

initiated a study for the finding of the most cconomical
flocculants for use with clay slurries found in Polk County, Fla., Floc-
culants that produce strong aggregations (large flocs, rapid dewatering)
to as much as 35 percent solids or more are desired and chemical plus
operating costs for treatment of the slurries hopefully will not exceed
$1.00 per ton of solids. The investigation is still going on but con-
ciusions based on testing conducted to date indicate that the most sig-
nificant variable influencing flocculant effectiveness is the mineralogy
of the clay. ©Slime lacking in attapulgite could be flccculated at
levels of 0.3 to 0.4 1b per ton of solids with the best flocculants,

but about 3 1lb of some flocculants were required for a sample with a
relatively large amount of attapulgite. Different flocculants work best
for differcnt slimes (i.e., no one flocculant gives the lowest dosage

level for all slimes tested). However, of more than 100 products tested,
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about 10 appear consistently to give the besi results.®* Many of the
flocculants cost about $1.05 to $1.15 per pound. If the required dosage
is 0.5 1b per ton of solids, the cost for the flocculant is about $0.50
per ton of solids for the treated material. Since other costs for
treating the material are about $0,.50 per ton of solids, it appears that
the phosphate industry will successfully reach its objective of finding
a satisfactory treatment process that costs no more than about $1.00 per
ton cf solids.

T79. 1In the past 10 yr or so there have been no really new floc-
culants produced. Advancements made have been primarily in modification
of existing flocculants to improve settlement times and rcduce cost.
Many of the better flocculants are polyacrylamices that have different
molecular weights and ionic conditions. Based on experience with phos-
phatic siimes, it appears that different typss of dredged material will
flocculate best with different flocculants. However, it is believed
that it would not be too difficuit to determine what floceulant from a
group of approximately 100 would be best for a particular msterial, and
it was estimated that this could be done for about $200 per sample.

80. Studies of the Florida Fhosphatic Clays Research Project also
involve determination of the most practical and effective means for in-
troducing flocculants into the slurry. Techniques which are currently
being studied include the addition of flocculants to the slurry with and
without prior mixing with sand tailings. Based on field experiments, it
has been determined that the flocculant should be added about 25 to
50 ft from the end of the discharge pipe. At lesser distances insuffi-
clent mixing occurred and at greater distunces degradation of the
polymer-type flocculant appeared to occur. When flocculant was added
without sand tailings the average solids content of the flocculated
slimes at the end of 5 months was about 25 to 27 percent by weight.

This was significantly better than the nonflocculated slimes, which

averaged about 15 percent by weight, When floeculant was added with

¥ Personal communication, Fred E. Woodward, Surface Chemiste of Florida,
to R. W. Cunny, 1 April 1975.




sand tailings, the solids content of the slimes 1 week after deposition
ranged from 20 to 40 percent with an average of 27 percent; the rapid
dewatering of these slimes was aided by the sand tailings, which sepa-~
rated from the filocculated clay and provided some sort of drainage
system for the clay.

8l. Based on tests currently being conducted, it appears that
flocculants will be found useful to the phosphate industry in that they
will make possible the raplid dewatering of the slimes to a solids con-
tent of 35 percent by weight or more. This will satisfy the require-
ments of the phosphate industry since, at this solids content, all the
slimes and sand tailings will fit back into the mine pits. However, it
is to be noted that 35 percent solids is equivalent to a water content
of 186 percent, and this i. more water than considered acceptable for
dewatered dredged material.

Bguxite residue treatment

82. Bauxite residue, also called red mud or slurry, is a waste
product resulting from the production of alumina. At the Kaiser Alumi-
num and Chemical Plant in Gramercy, La., alumina is made from Jamaican
bauxite, and residue is produced more or less continuously at the rate
of approximately 1400 gallons per minute {(gpm) with a solids content
ranging from 15 to 20 percent by weight. In the past this waste has
been discharged into the Mississippi River, but in 1971 an agreement was
made to discontinue this practice and since November 1974, the residue
has been impounded in a storage pond.

83. A substantial portion of residue has a particle size in the
range of 1 u, and the slurry is highly caustic. To permit the recovery
of soda values from the slurry, starch is added, thereby flocculating
the solids to an average size of about 10 u. The resultant slurry at
15 to 20 percent solids by weight still has poor settling characteris-
tiecs and without additional processing would settle and consolidate to
a solids content of only 28 to 30 percent (equivalent to a water content
of 260 to 230 percent).

8L. To obtain increased consolidation of the residue and minimize

land area required for storage, the following additional processes were
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studied: (a) a mechnical filtration/filter cske distribution; (b) decan-
tation and evaporation of water (DEW process); and (c¢) drainage, decan-
tation, and evaporation of water (DREW process). Pilot filtration ex-
periments were conducted with a 4- by 3-ft rotary drum filter, and it
was found that the solids contents could be increased to about 40 per-~
cent by weight. The 40 percent mud was pumped at a rate of 8 gpm to

an impoundment area where, within 2 months, it further dewatered tc

70 percent solids, its estimated shrinkage limit. Pilot tests of decan-
tation and evaporation in a 100~ to 200-acre pond indicated that, with
rainfall that occurs in south Louisiana, only a maximum of 37 percent
solids could he expected.

85. The third method, called the DREW process, involved the addi-
tion of a sand bed to the bottom of the storage pond. Two DREW proces-
ses, shallow and deep, were studied, The shallow DREW process involved
repetitive distribution of an average L-in. layer of slurry over the
sand bed. Pilot tests for this process indicated that a L-in. layer of
slurry at 15 to 20 prercent solide by weight would be dewatered to the
shrinkage limit in about 15 days on the average, depending on rainfall
and time of year. Based on these results, it was estimated that a mini-
mum of 600 acres of sand beds would be required to handle the bauxite
residue from the Gramercy plant.

86. The deep DREW process involves the continuous distribution
of slurry from a feed point infrequently rotated around or within a
sand bed impoundment ares to ultimate depths of 18 ft or greater. Filot
tests for this process indicated that 50 percent solids by weight can
be obtained in about 10 moaths. During feeding, 65 percent of the liquid
extracted was removed by decantation and evaporation, and 35 percent was
removed via the bottom sand bed. After feeding stopped, surface cracks
developed. Rainfall was removed primarily by decantation although some
rain penetrated through the mud into the drains. If rainwater was not

removed by subsurface drainage, it was believed that dewatering past

37 percent solids would not be possible. However, it was also believed

that. evaporation was necessary for the bed to reach an ultimate solids
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content of 50 percentv, and after the tenth month it became the principal
dewatering mechanism.

87, Of the several alternative methods studied, the deep DREW
process was selected for dewatering the bauxi! residue. The basis for
this selection was: {a) stsble land with 50 percent solids by weight or
greater could be obtained; (b) minimum land area required; (c) lowest
capital and operating costs; and (d) storage area apparently can be con-
verted to usable land or raw material sources after pond is filled.

Cost for construction, operation, and maintenance of the storage pond
has been estimated to be about $1.00 to $1.20 per ton of solids.
Discussion

88. Experience in and status of the use of flocculants by the
phosphate industry in Florida and the Kaiser Gramercy plant have been de--
scribed in the preceding sections., Both used flocculants to increase
the rate of sedimentation of slurries composed of clay-size particles.
The Kaiser group at Gramercy has ’ound thet their bauxite residue can
be flocculated and dewatered to a condition of 28 to 30 percent solids
by weight by the use of starch alcae and that by the addition of under-
drains and surface evaporation an average condition of 50 percent solids
can be obtained at a cost of amproximately $1.00 per ton of solids. The
phosphate industry investigators are currently searching for the least
costly flocculants and are develcoping technigues for efficiently intro-
ducing the flocculants into the phosphste slimes to increase the solids
content from about 5 to 35 percen®, in a period of weeks or months rather
than years, snd at a total cost of about $1.00 per ton of solids. Sim-
ilar experience might be anticipated with dredged material. However,
solids contents of either 50 or 35 percent are equivalent to water con-
tents of 100 or 186 percent and these are still relatively high; this
appears to be the lowest water contents that should be expected if
dredged material was treated only with flocculants,

89. Caution must be taken when dealing with flocculants, As a
result of laboratory experience, it has long been recognized that
flocculants grcatly accelerate the settlement of soil suspensions and

this is of interest to the dredged material disposal business. However,
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laboratory experience has also showu that, while flocculants accelerate
initial settlement, after a period of time untreated material will set-
tle to void ratio less than that for the treated material, This is
illustrated by a test reported by Bishep and Vaughang and spown in

Figure 27. This figure shows that in the laboratory a 4L00-mm high,
400
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Figure 27. Comparative laboratory sedimentation tests on Thames
black mud untreated and treated with polyacrylamide
5 percent solids by weight, suspension of Thames black mud treated with
polyscrylamide initially settled much faster than the untreated mud,
Settlement of the treated mud was virtually complete after 1 day, but
the untreated mud continued to settle. After 8 dsys the untreated mud
had settled more than the treated mud.
9G. It is not known whether the above test reported by Bishop

and Vaughan should be considered typical of dredged material treated
with flocculants. At least one aspect of the Bishop and Vaughan test
appears tc be nontypical and that is that after 3 weeks the solids con-
tent of the treated mud had increased only from 5 to 10 percent by
weight. In a test conducted by Andco, Inc., flocculant was added to a

slurry of Mobile Bay mud and in a matter of moments the soclids content

hed incressed from about 21 to about 35 percent. Alsc field tests




conducted on attapulgite phosphatic slimes in Florida indilcated that
after 26 days and at depths of 2 to 8 ft the solids content of treated
slimes averaged 14.8 percent whereas the sclids content of untreated
slime averaged 10.2 percent. It is also possible that the salt content
of the liquid phase of the dredged material could have a significant
effect on the efficiency of the psrticular flocculant being used. This
factor should be carefully considered in the evaluation of different
flocculants. However, in Florida the laboratory phenomenon is generally
not duplicated in the field and it is thought that this is because
gravity forces are very important. At depths grester than those ob-
tained in laboratory flasks, it is believed that efrective stresses
caused by the weight of the overlying material are sufficient to over-
come the interparticle shear strength of flocculated material and then,
because of other characteristics, the flocculated material is compressed
to a degree greater than that possible for the untreated msterial (at
least during the time frame of interest).

Conclusions trom review
of industrial practice

91. Based on the experience of the phosphate and aluminum in-
dustries, it appears that flocculants could be used to expedite the
initial sediwentation of clay-size dredged material that would other-
wise settle only very slowly. ©Solids contents of 25 to 30 percent by
welght for treated dredgings up to 18 ft thick can be anticipated in
less than 1 yr. With the addition of underdrains, surface drainage,
and evaporation, a solids content of about 50 percent is a reasonable
expectation,.

92. Cost for effective floccul~* ppears to be approximately
$0.50 per ton of solids treated. For claylike materials with a natural
water content of 100 to 300 percent, cost for the flocculant will range
from $0.30 to $0.15 per cu yd of measured material in the disposal ares.
Other costs associated with the flocculant treatment might be $0.15 to
$0.10 per cu yd with the total costs ranging from $0.25 to $0.45 per

cu yd of material treated. If the volume decrease resulting from using

flocculants was 63 percent, the cost of the flocculants would be about




$0.21 per cu yd of additional storagec volume obt: ined, These benefits

would not be realized if the solids drop out of suspension without undue

delay.

Other Chemical Treatments

Types of treatment

93. In ¢ 'dition to various uses of flocculants to accelerate sed-
imentation, other chemical treatments have been used to stabilize solls.
It is appropriate, therefore, to consider the potential application of
these techniques for dewatering and reducing the volume of high-water-
content dredged material. 'The most common treatment of this type is the
application of quicklime which reacts with water to produce a material
with a lowered water content. Another chemical of this type is calcium
carbide, which the University of California at Berkeley has suggested
might be added to dredged or other material to produce a desirable con-
struction material and at the same time produce acetylene gas which
couvld possibly be recovered and sold to recoup at least part of the
treatment cost., A patent application for these and other uses has been
prepared. Chemical grouting has been used to stabilize soils but is not
considered applicable for reducing the volume of dredged material placed
in disposal areas. Chemical grouting could be used to increase shear
strengths but the high cost eliminates its consideration even for this
purpose.

gk, Quicklime. When guicklime (Ca0) is added to a high-water-
content so0il, the immediate reaction is for the quicklime to combine
with the water (HpO) t0 produce calcium hydroxide (Ca(OH)g) and heat.
Over a longer timé period the calcium hydroxide (slaked lime) reacts
with some minerals in the soil to produce g soil with improved drainage
and strength characteristics. However, from the point of view of de~
watering and densification, interest centers on the immediale reaction
as it relates to volume change resulting from loss of water due to the

formgtion of calcium hydroxide and heat.
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95. The chemical equation for the reaction of quicklime and water

is as follows:
Cal + H?O > Ca(OH)2 + & 16,000 cal (2)

The comparable equation with molecular weights is

56.07 + 18.02 + Th.09 (3)

Thus, for each 56.07 g of quicklime added to a wet soil, 18.02 g of
vater is consumed and T4.09 g of calcium hydroxide and approximately
16,000 cal of heat are produced. Since the specific gravities of water
and calcium hydroxide are 1.0 and 2.08, respectively, the net volume
change of such a reaction in the absence of any vaporization of water
is an increase of 17.6 cc and not a decrease.

¢6. To examine the potential for vaporization of water, it will
be helpful to run through a sample calculation., Assume that 1 cu yd
(0.76 m3) of dredged material with a water content of 200 percent is to
be treated with 430 1b (195 kg) of quicklime. If the specific gravity
of solids of the dredged materiagl is 2.50, each cubic yard will contain
702 1b (318 kg) of solids and 1400 1L (635 kg) of water. The L30 1b of
quicklime will consume 138 1b (63 kg) (2.2 ft3) of water and will pro-
duce 568 1b (258 kg) (4.4 ££°) of calcium hydroxide and 5.58 x 10 cal
of heat. The specific heat of water is 1.0 cal/g and if it is assumed
that Lhe specific heat of solids is 0.2, the temperature will be in-
creased 81°C if 100 percent of the liberated heat is uniformly utilized.
If the initial temperature was 19°C, all the water would be at the boil-
ing point, but none would have vaporized; and the net volume change
would have been an increase of 8 percent.

97. If an additional 100 1b (45 kg) of quicklime was added to
the dredged material, an additional 0.50 £ (0.0Lh m3) of volume in-
crease would result from the production of sdditional calcium hydroxide,
but since the heat of vaporization of water is 540 cal/g, the extra
heat would vaporize 0.90 £43 (0.026 m3) of water. Thus, the volume of
water lost by vaporization is greater than the volume increase from

¢calcium hydroxide. However, it would take an additional 540 1b (245 xg)
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of quicklime to reduce the volume to the original. Thus, with the addi-
tion of a tutal of 970 1b (LL0 kg) of guicklime, there would have been
no volume decrease and the material would be more lime than soil; but
the water content would have been reduced to about 40 percent. Based on
1975 prices, the cost of the quicklime would have been about $20, and it
is quite apparent that, volumewise, nothing would have been gained by
this expenditure of effort.

98. Calcium carbide. Calcium carbide (CaC is another chemical

5)
agent that reacts with water and thus potentially might be useful for

dewatering purposes. When calcium carbide is added to water, acetylene
gas (02H2), caleium hydroxide (slaked lime), and heat are produced. The

chemical reaction and molecular weight equations are as follows:

CaC, + 2H 0 » C,H, + Ca(OH). + = 30,000 cal (4)

2 2 2 2

6L, 07 + 36.0L » 26,02 + 74,09 (5)

The above equations indicate that for each 64,07 g of calcium carbide
added to a wet soil, 36.04 g of water will be consumed, 26.02 g of
acetylene gas will be released, TL.09 g of calecium hydroxide will be
produced, and approximately 30,000 cal of heat will be liberated. Using
the specific gravities of water and calcium hydroxide, the net volume
change of such a reaction in the absence of any vaporization of water is
a net volume decrease of 0.4l cc,

99. To examine the potential for vaporization of water it again
will be helpful to use a sample calculation. Assume that the same 1 cu
va (0.76 m3) of dredged material as in the previous example is to be
treated, but this time 250 1b (113 kg) of calcium carbide is added. The
chemical reaction consumes 141 1b (64 kg) (2.2 ft3) of water, produces
289 1b (131 kg) (2.2 ft3) of calcium hydroxide, releases 102 1b (L6 kg)
7

of acetylene gas to the atmosphere, and liberates $.31 x 10 cal. As-
suming the same specific heats as before, the temperature of the dredged
material would be increased by 80°C if 100 percent of the liberated heat
is uniformly utilized. If the initial temperature was 20°C, all the

water would be at the boiling point, but none would have vaporized;
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ana the net volume change wouid have been negligible.
100. If an additiona) 250 1b (113 kg) of culcium carbide was
added to the dredged material, the additional heat would veporize 216 1b

(98 kg) (3.5 £t
500 1b (227 kg) of culcium carbide, the volume would have been decreased

3) of water. Thus, with the addition of a total of

13 percent and the water ccntent reduced from 200 to about Tl percent.
Based on 197L prices, the cost of the calcium carbide would have been
about $46, and it is apparent that onlv e relatively small volume de—
crease would result “rom a relatively costly expenditure. It is possi-
ble that some of the acetylene gas could be recovered from this opers-~
tion; and while the value of the acetylene gzas produced apparently is '
somewhat greater than the cost of the calcium carbide, the cost for
collection and distribution of the gas and thus the cost benefit from
such a recovery operstion is not known.

Discussion

101. In the examples described above, it was assumed that 100 per-
cent of the heat liberated by the chemical reactions was utilized to
increase the temperature of the dredged material and to vaporize water.
In actual practice, thir of course, would not be the case. The actual
efficiency of heat utilization would depend on the process used and most
likely would not exceed 70 percent, probably being much less. Thus, the
volume changes that might be obtained in a full-scale operation would
be less than that calculated, and it is apparent thal the potential for
obtaining significant dewatering and volume reduction by addition of
commonly known chemicals 10 dredged material is minimal.

102. While only gyuvicklime and calcium carbide were considered in
the above analyses, 1t is possible that other more effective chemical
compounds may exist. However, no survey of the chemical industry was
made for this study, and it is believed unlikely that more cffective
and less expensive chemicel dewateriung compounds would be fourd if such

a survey were conducted., Unfortunately, the ccest of even <pensive

chemicals is relatively high.
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PART V: TECHNICAL ANALYSIS AND COMPARISONS

Methcods of Analysis

Basic concepts

103. Because dredged material placed by hydraulic means in dis-
posal areas is essentially saturated, increased disposal area capacity
can be achieved only if the water content of the dredged material is
decreased. Procedures for computing volume decreases associated with
moisture content decreases utilize methods develop=ad in soil mechanics
and foundation engineering and are widely used for analyzing effects of
conventional stesbilization techniques. Computations for smount and rate
of volume decrease can be made considering the (a) characteristics and
thickness of dredged material; (b) type of densification treatment, if
any; and (c) opportunities for natural moisture content decreases from
drainage into founuiation soils beneath the disposal area.

104, While dispneszl areas may have relatively firm and incompres-
sible foundation soils, such materials also may be soft and highly com-
pressible since disposal areas are generally located along rivers or
harbors. Where foundation soils are thick and highly compreccible, the

i weight of dredged material may cause substantial foundation consolida-

tion and result in increased disposal area storage., In some cases, the

increase in storage capacity from the weight of dredged material and
effects of densification treatment may largely result from foundation
settlement. It is necessary, therefore, when analyzing effects of i
C densification treatment, to evaluate the effect of treatment on the dis- 3
£ posal ares foundation as well as on the dredged material. While this
<4 can be done by methods to be discussed, this report will comsider only

the effects of densification treatment on dredged material. §

. Magnitude of volume decrease i
; 105. The volume decrease which can be achieved by densification
treatment, i.e., the storage capacity increase, depends on the initial
wgter content of the dredged materisl after sedimentation has occurred.

Sandy soils placed in disposal areas have low moisture contents after

IOl

6L

LACR VI




sedimentation, and little storage volume can be obtained by attempting

to dewater such soils. This is not true for fine-greined dredged matle-

R T

rial because it has high water contents and undergoes large volume de-

creases 1f the moisture contents can be reduced. It is this type of

Sy

material that is of primary interest.

106, The nature of fine-grained dredged material can most easily
be described by the Atterberg limiés and water content. For convenience,
3 Atterberg limits, i.e., the LL and plastic limits (PL), are normally
plotted on a plasticity chart, as was done, for example, in Figures 2

and 28. Clayey soils generally plot above the A-line vhereas silty
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Figure 28. Tlasticity plot for material to be dredged

f and organic soils plot below the A-line. From Figures 2 and 28 it is

evident that materials encountered in most dredging werk plot along the

A-line., This is convenient because so0il property correlations and vol-
wne changes are somewhail simpler if only the LL and water content are

controlling factors.

e F AR R A Dk . I A W H A L e TR TGRSR K : : vt ne T woer



i 107. The equations for volume decresse of a normally consolidated

fine-grained soil are:

avo_oae . _de S 1 Yo T 1P (6)
V o 1+e 1+te 98T
o D
e} E

where

AV = decrease in volume

V = original volume

AH = decrease in dredged material thickness
H = thickness ¢f dredged material

Ae = decrease in void ratio

e = initial wvoid ratio é

p = initisl effective stress

L

AD = increase in effective stress

The effective stress increase causing volume decrease Ap can be caused

by surcharge, drainage, or by desiccation. The etfective stress before
application of Ap is 55 . The value of Cc/(l + eo) is a measure

of the compressibility of a soil and can be correlated with LL and LA
Various correlations have been deveioped (Reference 29 and Appendix C),
and the following conservative values are selected and used in the illus-

trative computations made subsequently.

PRSI N g Wt PN ORI

ic/(l+e0~)

lh

a waler content equal to the LL and the specific gravity is 2.6,

108. The volume decrease of dredged material can be related to

50 0,16 j

- 75 0.22 1
vy H
' 100 0.25 3

é L 150 0.29 j
: -5 200 0.31 :
o |

?f 'he abeove values assume thai the initial void ratio eO corresponds to i

!

|

J

a decrease in water content w as follows:

L . AV _ AH _ fe .
| T TE I+ e (1)
3 G
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Since, for saturated materials e = wG and Ae = GAw

AV _ BH _ __Gow (8)

vV H 1 +Gw /
O

in which e 1is the void ratio, Aw 1s the decrease in water content,

and G is specific gravity. For reference purposes, the water content

of dredged material having an initial moisture content of twice the LL,
which might exist shortly after sedimentation in the disposal area, has
been plotted versus corresponding volume changes in Figure 29. Moisture
contents of natural solls generally fall between the LL and PL. At the
LL, soils are soft, have low shear strengths, and can undergo large vol-

ume changes if lcaded. At the PL, soils are relatively strong and can

)b Pt

carry significant loads without undergoing large volume changes., Soft
soils stabilized by conventional teackmiques have LI values generally in
the range of 50 to 100 percent. These scils, stabilized by techniques !

such as surcharging, undergc relatively small decreases in water content,

109. Volume changes associated with moisture content decreases

plotted in Figure 29 are summarized in Table 14, It is evident that it

-y

f- becomes increasingly difficult to sccure an added increment of voluwne

S G SRR

decrease as the moisture content decreases. TFor example, it is relas-
! tively easy to sccure moisture content decreases from initial values of
twice the LI down to the LL, since this almost occurs naturally (accord-

ing to data presented in Part II). Further decreases in moisture con-

e AL e ity

tent, to L1 values of 0.75, 0.50, 0.25, or 0,00, arc increasingly more

difficult to obtain. The upper porticn of Table 1L shows ipncremental

ea et

volume decreases expressed in percent of an initial volume correspeonding
to a water content equal to twice the LL. The lower portion of this
table shows similar incremental volume changes for a disposal area in

: which the water content at the time of possible densification treatment
“x is at the LL.

’ 110. At the present time, the relatively little information

P NI RO VOE T VP

avallable suggests that initial moisture contents of dredged material

st the time of densification will range from 1 to 1.5 times the LL.

SN SUPUTRNRR VS NI

There is some evidence that dredged material extracted from sali water
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has higher water contents than dredged material from tidai marsh or
freshwater deposits. For conservatism, benefits of densification treat-
ment will be computed assuming initial water contents eqgual to the LL.
This is consistent with the data examined in Part 1I.

Time required for
densification by consolidation

111, Easic concepts. The time required to obtain densification

by consolidation can be estimated using Terzaghi's method for one-~
dimensional coasclidation. While there have heen many modifications
to this approach, it is convenient and sufiiciently accurate for esti-
mating the time required and illustrating concepts involved. When a
soil is loaded, excess pore water pressures are developed which dissi-
pate with time as pore water is squeezed from the interior of a soil
deposit to the exterior or drainage boundaries. The time required ‘o
reach a given percent consolidation is dependent on a time factor Tv :
the thickness squared H2 of the soll deposit, where H is the length
of one-way drainage path; and the coefficient of consolidation ¢, of
the soil, which is considered a soil property although it depends also
upon effective stress. These factors are related to the time t re-
quired to reach a given percenl consolidation by the equation:
TVH2
t = (9)

C
v

112. The effects of time, thickness of soil deposit, and degree
of consolidation achieved are illustrated in Figure 30 for a soil hav-
ing a cy of 0.0l sqg ft/day. If the soil is underlain by impervious
material and water must flow to the surface to escape during consoli-
dation, the thickness H 1s taken as the total thickness of dredged
material. Alternatively, if the dredged material is underlain by free-
draining soil so that water can be squeezed from the dredged material
to the surface and also to underlying material, the thickness H 1is
one-half the total thickness of dredged material.. The curves shown in
Figure 30 illustrate that the thickness of disposal material has a

greal effect on the time required to achieve consolidation. Values for
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Figure 30, Effect of thickness on consclidation of
dredged material
a 10-ft-thick layer are summarized in Table 15. While the first 50 per-
cent conselidstion may be achieved fairly rapidly (Table 15 and Fig-
ure 30), succeeding increments of consolidation require substantially
more time.

113, Figure 30 illustrates that thin layers consolidate rapidly
even for the low value of coefficient of consolidation used for this
example, which is, incidentlly, that for a high LL dredged material.

This figure illustrates that if the one-way drailnage path is 5 ft or
less, or the two-way drainage path is 10 ft or less, the rate ¢f con-
solidation may be so0 rapid that treatment methods are unneccessary to
accelerate consolidation.

11Lk. Radial flow to verticsl drains. The general concepts illus-

trated in Figure 30 also apply to radial flow of vertical drains., A
theory for such flow was fully developed by Bsrron and is reviewed in
Reference 30. Consolidation by radial flow depends on the length of

flow babl i the same manner as illustrated for vertical fiow, The

70
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time factors have different values for vertical and radial flow and
values for Lhese cases can be obiained from numerous references.BO The
coefficient of consolidalion for radial flow can be determined from
laboratory tests and from field permeability tests, but precautions must
30

be observed in using the results of field tests,

115. Combined vertical and radial flow. The theory for combined

vertical flow to drainage layers and radial flow to vertical drains was
also developed by Barron and is reviewed in Reference 30. It is evident
that if the length of radial drainage path is long, vertical flow will
dominate even if vertical drains are installed. Drains cannot he spaced
more than the thickness of soil being treated.

Means to accclerate densification

116, Since the time required to achieve a given vercent consoli-
dation depends on the square of the length of drainage path for either
vertical or radial flow, an effective means for accelerating the rate
of densification is to decrease the length of flow puth. This can be
done by placing intermediate drainage layers within the dredged material
or by adding verticsal drains. Because of the large size of disposal
areas, drainage layers must be provided with colleector pipes surrounded
by suitable rilter materials., Also, verticagl drains must discharge
into drainage layers which in turn must have collector pipes. An ex-
ception to this occurs where vertical drains discharge into underlying
pumped drainage layeirs, Vertical drains accelerate the rate of con-
solidation but do nothing to promote an increased degree of densifica~
tion or additional storage area capacity. This is not the case, how-
ever, with intermediaste drainage layers which can result in increased
settlements and, hence, more storage.

Secondury compression effects

117. Clay-~-type dredged material obtained in maintenance dredging
undergoes volume changes as a result of primary consolidsation, which
involves fthe dissipation of excess pore water pressures, However, s
seconduar,; .yLe of volume change occurs as a counsequence of shear

stressen in 1 e soi. These secondary compression effects can proceed

under small ex:ess hydrostatic pressure differentials. Because they
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occur slowly, pore pressures associated with seccndary compression
effects are, for practical purposes, negligible. Secondary compression
effects are small for overconsolidated soil and are at a maximum for
normally consolidated soils, especially for siress increases only
slightly greater than the existing overburden stress.

118, The practical sigpificance of secondary compression depends
upon the use of a given area of soft soils. For example, if soft soils
are to be densified so they can be loaded by buildings or other similar
structures, secondary compression effects normally must be considered
and measwres taken so that stabilization treatment minimizes postcon-
struction effects.29 Alternatively, if the purpose of densification
treatments is to secure more storage capacity in a disposal area, sec-
ondary compression effects have little practical importance., For ex-
ample, if increased storage capacity is being obtained by surcharge
loading treatments or the equivalent, the ratio cf storage volume ob-
tained by secondary compression effects to that obtained by primary
consolidation would be in the range of 3 to 10 percent. In cther words,
the effects of secondary compression on avallable storage capacity are
1 not sufficiently large to be considered when evaluating storage capaci-
' ties increases which can be achieved by treatment methoeds.
| 119. The practical significance of secondary compression effects
is sometimes evaluated by expressing settlements from secondary com~
pression as a fraction of settlements from primary consclidation. This
is satisfactory provided care 1s exercised to obtain meaningful com-~
parisons. For example, if small increments of added effective stresses
Ap are used to estimate settlements from primary consolidation, the
settlements from secondary compression may be a substantial percentage
of primary consolidation settlements. From a practical viewpoint, this
does not demonstrate the importance of secondary compression, because
" neither type of sebtliements is lurge. If this procedure is repeated
Y with larger increments of effective stress, it becomes evident that

secondary compression is not a significant factor in determining dis-

posal area storage capacity.
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Practicgl considerations

120. DPore pressures benecath disposal areas. The weight of

dredged material placed in disposal areas in which the subsoil profile

consists of silt or clay overlying sand (Figure 31) causes water to

PORE PRESSURE IN FOUNDATION SAND
UNLESS RELIEVED

v l
PRESSURE RELIEF WELLS L =
- e —— T P DREDGED MATER[AL}
\Vainl il 3 4 + \ 4% % L
= [ L ,
SILT OR CLAY 1 JF L IR _'L L ‘3
I'!\\ Y LI T 1
| s
1
SAND \j lek _/ \}

ST TR
IMPERVIOUS WEIGHT OF DREDGED MATERIAL

INCREASES PORE PRESSURE IN
SAND LAYER.

Figure 31. Pore pressures beneath disposal areas

be squeezed from the silt or clay strata into the underlying send. In
addition, the pore pressure in the underlying foundation sand is in-~
creased because of the high water level in the dredged material. The
pore pressure in the foundation sand may be further increased if the
dredged material 15 subjected to a temporary surcharge. Outside the
retaining dike the pore pressures in the underlying foundation sand can
be high, thereby preventing the sand layer from functioning as a drain-
age layer and impalring retaining dike stability. To some extent, this
situation can bve glleviated by installing free-flowing pressure-relief
wells outside the retaining dikes. While this may assure stability of
‘the retaining dikes, it may not make this layer effective in providing
underdrainage for the dredged malerial. Vhere studies on any specific
disposal area show this is the case, the pore pressures in the founda-
tion sand can be decreased by pumping the wells. Also, it may be nec-
essary to install wells within the interior of the dredged material dis-
posal area because of the large sinze.

121. Horizontal drainage layers. Where sand layers are provided

a5 underdrainage in dredged material disposal areas, or as layers at

varicus intermediate elevations within the dredged material, they will

3
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normally develop such large pore water pressures as to render them in-
effective as dralnage layers unless collector pipes are provided. The
design of required collector pipe systems has been developed in connec-
tion with ~onventional stabilization procedures for soft soils. The
increased pore waber pressures within drainage layers are similar to
that illustrated in Figure 31.

122. Placement of temporary surcharge loads. ‘The practical

aspects of placing temporary surcharge loads to secure densification
assumes greal importance due to the dirfficulty of placing a surcharge
£i11 in thin layers without locally building up accumulations of ill
that overstress ‘the extremely soft dredged material. This can be done
by using small draglines to cast thin layers of material in advance of
th~ £111. Another procedure is hydraulic placement, bul open-end pipes
cannot be readily used because of the rapid accumulations of coarsc ma-
terial at the end of the pipe. This accumulation causes an overstress-—
ing of soft dredged material and the development of large mud waves.
Underwater fill placement may be bheneficial in these cases.

123, Types of vertical drains. Vertical drains have, until re-

cently, consisted of vertical columns of sand of a suitable gradation.30
Various methods have been used to install such columns as jetting, au-
gering, displacement mendrels, and subsequent ejection of sand by com—
pressed air, etc.30 Vertical cardboard drains were developed by Kjell-
man, and g drain of this type in plastic was receully developed by the
Swedish Geotechnical Institute and is being marketcd under the trade-
name Geodrain.

12k, The extremely soft and weak dredged material tends to favor
the simplest possible installetion technique, and it seems possible that
vertical drains could be installed to limited depths by hand or simple
light equipment. Frowm this viewpoint, the Geodrsin appesrs to be worth
investigation and usc in preliminary feasibility tests where vertical
drains are desirable. A Geodrain is self-tfiltering and installation
techniques should be extremely simple. Jettied or displacement drains
would be satisfactory from technical viewpoints but require heavy equip-

ment for installation.
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125. Pumped drainage techniques. Drainage techniques combining

punping with large vacuum pumps appear promising and probably can be
developed into an sutomatic system reguiring s minimum of labor, partic-
ularly since the conscquences of a malfunction would not he significant.
It seems practicable to design the systems so that dewatering pumps
would operate as required while vacuwn pumps would function continuously
or could operate within predetermined limits of desired vacuum.

126. Pumped drainage and vacuum drainage techniques appear most
practicable where the quantity of water required to be pumped is not
large. DBecause of the very large size of dredged material disposal
areas, the volume of water would probably be relatively small on a unit
area basis compared to conventional dewatering projects. For this rea-
son, pumped drainage techniques might be practicable where normally they
would be considered too expens’ve. Tne concepl uf vacuum pumping is
especially attractive and should be considered seriously as a treatment
technique for certain conditions.

127. Pumped wells with large vacuum pumps to secure vacuum in
underlying drainage layers appear practicable., However, based on con-
ventional usage, pumped wellpoints installed only in the disposal mate-
rial do not appear to be a viable altermative because the spacing of
the wellpoints would have to be so close as to make installation costs
excessive. However, where an underlying sand laycr exists in the foun-
dation and the wellpoints are installed into the underlying sand, a
punped wellpoint would be essentially a pumped vacuum system in the
underlying sand; and this would require a relatively small number of
wellpoints or deep wells senled at the upper surface. This appears to
be a viable alternuative to pumped wellpoints of the vacuwm type in-

stalled only in the dredged material.

Anslysis for Densification Effects

Concepts of densification

123. The reduction in waler content and volume of dredged mate-

rial is neccessarlily associatcd with an increase in the effective stress,
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i.e., the grain-to-grain contact pressure in the dredged material. This
is the case for any nonchemical method of densification and includes
treatment methods such as surcharge loading, dralnage, or desiccation.

A simple and convenient means for comparing different treatment tech-
niques, therefore, is to compare effective stresses produced in the soil
by the treatment being considered. ©Such comparisons apply when excess
pore water pressures have been fully dissipated, i.e,, at the end of the
treatment method., The effective stresses to be discussed are ultimate
or mgximum possible values, which may in some cases require long time
periods to develop., The effect of time will be considered separately.

Effective stresses
for loading techniques

129, Effective stresses in the dredged material with the ground-
water level at the surface are shown in Figure 32. Similar stresses
when the groundwater level hes dropped about 2 ft and a surface crust
has developed are shown in Figure 33. Capillary -tresses in the surfacc
crust could be large and exceed 1l tor/sq ft. Effective stress: s possi-
ble from surcharge loading are indicated in Figure 34 and are summarized
in Table 16. While effective stresses developed from desiccalion in
the surface crust may be rather large, the use of surcharge loading, may
result in effective stresses at the surface which exceed the desiceation
stresses. In this event, for surcharge loading treatment metliods, the
benefits of a crust are primarily as an ald to construction operaticns,
An advantage of surcharge loading technigues is that even thick layers
of dredged material would be benefited.

Effective stresses
for drainage treatments

130, Effective stresses developed by various drainapge tecnniques
are iliustrated in Figures 35-38 and are summarized in Table 17, Under—
lying drainage layers are quite effective and can consist of natural

sandy or silty solls occurring in the disposal area or may consist of

sands placed in the disposal area priocr to placement of dredred material.

1f the groundwater level is initially at the top of the dredged material

and is pgradually lowered to the top of the underlying drainage layer,
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Effective stresses from surcharge loading
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negative pcre water pr ssures will develop in the dredged material and
these will increase the effective stresses. This is shown in Figure 35,
which shows effective stresses both with and without pore water suction
or negative pressures, In addicion, for a case such as shown, desicca-~
tion may substantiaslly increase effective ¢ resses in near-surface
materials.

131. The eflfectivenass of underlying drainage layers can be sub-—
stantially increased it the water level in them is lowered and if a par-
tial vacuum in the drainage layer is maintained by vacuum pumps attached
to or operated in conjunction with the groundwater lowering system (Fig-
ure 36). This type of technigue has been successfully used in connec-
tion with conventional stabilization techniques,35 and partial vacuums
of 15 to 20 in. of mercury have been obtained and maintained. This re-
sults in greatly increased effective stress in the soil, as indicated in
Figure 36. From a techiical standpoint, it is immaterial if the drain-
age layer occurs naturelly in the foundation of the disposal area or if
it is provided by placing sand materials on the surface of the drainage
ares prior to storage of dredged material., A thin sand layer placed
prior to use of the Zisposal arca would reguire collector pipes.

132. The concept of using atmospheric pressure in conjunction
with sand layers in which a vacuum is induced wsas introduced by Kjell-
man37 and has been applied several times. This concept is illustrated
in Figure 37. While the case shown is only for a sand layer on the sur-
face of the dredged material, it is also possible to place such sand
layers, in which partial vacuums are .aintained, at intermediate depths
in the dredged wmatarial., Obviously, a membrane must protect the swrface
sand lay-r and the edges of all sand layers must be sealed so that par-
tial vacuums can be maintained Ly a practicable amount of pumping.

133. The widerlying drainage layers illustrated in Figures 35 and
36 and the overlying sand layer illustrated in Figure 37 must be pro-
vided with collector pipes for removal of water from the drainage layers.
It colleclor pipes are not used, the head lesses within the drainage

layers would be excessive and the drainage layers would not function as

intended.
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134, An alternative that has never been considered, to the au-
thors' knowledge, is secpage consolidation stabilization. In this tech-
nique, water would be ponded cn the surface of the dredged material and
underdrainage would be provided at the base of the dredged material.
Downward seepage gradienis would act as a consolidating force causing
densification {Figure 38). This concept would reguire increased heipht
of dikes, and possibly interior dikes to minimize wave effects in large
disposal areas. After stabilization, surface drainage and surface dry-
ing could be used to increase effective stresses in the upper part of
the dredged material.

135. Effect stresses possible from the various drainage tech-
niques are summarized in Table 17. By comparing Tables 16 and 17, it is
evident that drainage treatments can produce effective stresses as great
as those produced by 5 to 10 £t of temporary surcharge loading. From
this standpoint, drainage treatment concepts are efficient means of in-
creasing effective stresses in dredged material, which is necessary to
cause densification.

Effective stresses
for desiccecation treatments

136. When the rate of evaporation exceeds the rainfall, soil lo-
cated above the groundwater level will undergo drying, which -induces
negative pore water pressures in the soil and, consequently, positive
effective stresses in excess of those caused by the weight of the mate-
rial. This is illustrated in Figure 33, 1In fine~grained materials
large negative pore water pressures can develop and associated effective
stresses are also large. Pore water suctions from a few atmospheres
to as large as 10 or 15 atmospheres can develop in soil exposed to dry-
ing. 1f a disposal area is drained so that surface waters are removed,
the drying effects in areas where evaporation exceeds rainfall would be
expected to gradually lower the groundwster level, providing that high
pore water pressures do not exist in underlying soils. The drying ef-
fect and lowering of the water level would, of course, be greatly facil-
itated by trenching and other surface drainage techniques.

137. Drying of dredged material could also be effected by plant
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root systems, and it has been observed in engineering prectice that
certain types of vegetation have deep root systems capable of inducing
suf'ficient drying to cause preconsolidation stresses as high as 500 psf.
Desiccation effects combined with even slight lowering of the ground-
water level, which may occur either as a resnlt of trenching or as a
consequence of desiccation processes, have a bepeficial effect on mate-
rial below the groundwater level., This results because the effective
weight of soil above the groundwater level is changed from initially
submerged weight to a moist or sstwated weight. Thus, the material
gbove the groundwater level has an effect similar to that o a small
surcharge. Moisture content, shear strenghth, and preconsolidation
stress chenges resulting from desiccation have received only limited
attention in conventional engineering practice although these effects
have been observed and measured. Neverthelesc. this area is one that
merits much more investigation, cowbining soil engineering studies with
the study ¢of root systems of wvarious types of vegetation.

Water content decrease

138, The effect of increases in effective shtresses 1s to cause

donsification and water content decreases, The water content decresse

.-

and corresponding LI are listed in Table 18 for scils of vsrious LL and
! increases in effective stress. This table was prevared assuming:
() initial water contents equal to the LL, (b) Atierbsrg limits plot-—
ting along the A~line, and (¢) values of CC/(l + eo) from correlations
' previously given. Water content decreases are also plotted in Figure 39.

Volume decrease from densilication

C 139. Effective stress increases for various types of densifica-
tion treatments are listed in Table 19 and alford a means for comparing

results from various densification treatments. Underdrainage assuming

pore water suction, & 500~psf surcharge, seepage consclidation, and s
o surface vacuum mat without upderdrainage would each result in an ulti-
nate effective stress increase of about 500 psf at & 5-ft depih. A sur-
Tace vacuum matl combined with underdrainage, seepage consolidation with
15-in. vacuum 1 the underdrainage layer, snd a 1020-pst surcharge by

would csuse an ultimate effective stress increzase of about 1000 psf
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Pigure 39. Water content versus effective stress

at the same depth and would be exceeded only by an underlying drainage

jayer with vacuum pumping, which would cause an effective stiress in-

-% cregse ci nearly 2000 psf.
i 140. Volume changes induced by increases in effective stresses
i: are plotted in Figure L0 for various LL. These were computed cn the
‘ same basis as water content decregses previously discussed and presented

in Table 18 and Figure 39. The volume decrease depends on the increase

in etfective siress and on the LL, especially for LL less than 103, as

N

. shown in Pigure k0, Since dredged material generally has a LL less
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than 100, volume decreases (i.e., additional storage volume) from den-

sification will be less than about 15 to 20 percent of the volume of

dredged material, For high LL (i.e., 200), storage volume incresses
would not exceed 20 or at most 30 percent. For lower LL (i.e., 50),
storage volume increases would not exceed about 10 to 15 percent,

Volume decrease from desiccation

3 1b41. An important exception to the above summary is the case

é where dredged materisl is placed in thin layers and each layer is sub-
jected to severe desiccation. Drying can lower water contents to the
shrinkege limit, which is close to the PL. (This would cause soils
having water contents initially at the LL to undergo volume decreases

of 25 to 60 percent, or substantially more than could be achieved by

any drainage or loading technique.,) While drainage at the bottom of

the dredged materisl is significant (Table 19), recenl work by Krizek and

Casteleirolo has shown that the evapotranspiration potential deminates

RIS

the rate of consolidation after desiccation at the surface has begun.
Combined effects of vegetation and evaporation resulted in a 30- to TO-
percent increase in relative settlement (Figure 41). Ditching is im-

. - . . L8 . .
portant in draining confined disposal areas, but transmiration by

IO WP
-

vegetation is highly effective for accelerating the consolidation of
i dredged material in the thickness of material subject to desiccation.
- The use of vegetation with high transpirstion rates and the ability to
] grow in saline wet soils provides a potential for acceicrating the con-
solidation rate of limited thicknesses of dredged material and thereby

4 :‘ increasing the available disposal storage, A field test sponsored by

{ the DMRP is being conducted at the Grassy Island disposal site in the

v Detroit District to study dredged material drying by use of vegetation

:g (the reed Phragmites communis).

. i Dredped material as borrow

mf 142, The suitability of densified fine-grained dredged material
4 for use in embankments or for other borrow purposes can be examined by

considering water contents after densification. High LL soils, like

fine-grained dredged material, are not good fill material for many pur-

poses, bLut might find uses where borrow is scarce.
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Discussion of Denscification

15, The vurious exuamples are intended to illustrate mesns for
exumining effectls of densitication treatment. The computations made
are believed conservative, in thal actual volume decreases that could
be achieved mipht be greater, especially where initial water contents
at tire of densification are more than the LL.

1h6. The benefits of densifying soils in disposal areas so water

ek G

corn.tents are about equal to the LI are substantial and are considered to
be achievable by simple means. Additional storage volume is more diffi-
cult to obtain, and the practicability of densification for this purpose
must be compared with the alternative of raising dikes surrounding the
disposal area. ‘The latter may be a preferred slternative, where
possible.

17, It is evident that muny slternatives exist for densifying
dredped material., This makes it desirable to analyze actual conditions
a4l & aisposal area, since Lhese may govern selecticn of appropriate
methods. Properly designed densification treatments are technically
feasible, but this is a rather time-consuming eitory that requires ex-
perience and judgment &5 well as borings and laboratory tests., In the
ultimate analysis, selection of the most appropriale densification treat--

ment will probably be governed by economic factors,
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PART VI: ECONOMIC COMPARIGONS

Basis for Cost Comparisons

148. The cost of densifying dredged matcrial depends, Lo a large
extent, upon local conditions at a site, such as foundstion compress-
ibility, time available Tor treatment, and flexibility for scheduling
storage of dredged material in different sections of the disposal area.
These can be considered in a specific manner when comparing the cost of
various treatment alternatives for a disposal area and may govern choice
of the most appropriate method. Cost comparisons of alternative treat-—
ment methods presented in this section neglect the effects of local
conditions.  Consequently, data presenled are intended only to provide
order of magnitude of densification costs and to illustrate factor
involved.

149, One of the principal factors influencing the cost of dredged
materisl treatment is the time avasilable for densification, i.e., how
soon will added storage capacity in the disposal area be required? Some
treatment methods may produce the desired densification but require a
long time. Where necessary, added drainage can be provided to acceler-
ate the rate of densification, but this benefit is secured only at a sig-
nificant cost increase. If planning for densificatiocn is made when a
disposal ares is first developed, minimum cost treaiments can be se-
lected. Alternatively, if only a few years are available to obtain
densification and added storage capacity, some low-cost alternatives
will be precluded.

156. In gmeral, it appears desirable to anticipate the need for
increased storage capacity from dredged material densification al leust
10 yr prior to the time added capucity will be needed, and even this
time period may be insufficient. Unless increased storage capacity from
densification of dredged material is anticipated when the disposal ares
is first opened, underdrainage layers that may result in minimum cost
cannct be installed. In addition, to preclude Lhe necessity for expen-—

sive installatiouns solely to accelerate the rate of consolidation,
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anticipation times for desired slorage capacity increase should prefer-

ably be from 10 to 30 yr.

Densification by Loading

Tenmporary earth surcharge

151, 'The placement of a temporary surcharge on the surface of a
disposal area i: virtually impossible until after a surface crust has
formed. Thus, fs» economic comparison purposes, it will be assumed that
the disposal area hwus been drained and that an spproximately 2-ft-thick
surface crust has developed, so that light construction operations can
be performed in the disposal area. It will be assumed also that the
groundvater level is 2 ft below the surface and that solls are consoli-
dated below tuis depth only by their own weight and by the weight of the
crust.

152. The basis for the settlement and cost estimates is shown in
Appendix C. fThe settlements were esiimated assuming soils are fine-
grained silty clays and clays plotting on the A-line of the plasticity
plot. Various correlations were used between compressibility and soil
pro; erties (Part V and Appendix C). The cost of added storage volume
obtained for various thicknesses of temporary surcharge fill is shown
in Figure 42 for soils having various LL and for a 10-ft thicknesg of
dredged material. 'The costs shown in this figure are approximately in-
versely proportional 1o the thickness of dredged material since the
temporary surcharge fill would cause constant effective stress increases
regardless of thickness of dredged material. Thus, if a 20-ft thickness
of dredged material was being loaded, the costs shown in this figure
would be reduced by at least one-halfl, Figure 42 illustrates that the
cost of treating soils of low plasticity (i.e., relatively low LL such
as 50) is high because the soils are not highly compressible and the
additional storapge volume that can be obtained is small. In contrast,
treatment cost for soils having high LI, (100 or higher) drops sharply
because of the added consolidation obtained by the same amount of sur-

charge fill.
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. Figure 42. Cost of added disposal storage using temporary
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¢ 153. The added storage capacity, expressed in cubic yards per
& acre, for dredged material having various LL and heights of temporary
:3 surcharge £11l is suwmmarized in Table 20. This table also shews the

cost of densification treatment per cubic yard of storage and also per
acre of disposal area. As indicated, these costs were estimated assum-

B ing s placement and removal charge of $1.00 per cubic yard of temporary
surcharge fill. In any specific instance, tho cost could be substan-
tially different.

154, When using s surcharge fill and computing £ill cools for o
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specilic site, it can be assumed that the disposal area is divided into
sections and that the temporary surcharge rill is placed in ane seciion
and, alter deusification is achieved, is moved Lo successive sections so
thal the fill is reused a number of times. The placemen!. and removal of
fill in each section would be the principal charge, together with the
initial cost of the fill divided by the expected number of reuses. The
cost of additional storage, per cubic yard and per acre of dispesal area,
is inversely proportional to the cost of the surcharge {i1ll. In wany
geographical locations it will be possible to sell a sand surcharge fill
when it is no longer required. This would have fo be evaluated on a
site-per-site basis,

155. The computations and data swmmarized in Table 20 are approx—
imate ard neglect factors that would be included when making computa-
tions for a specific site. I'or example, a site analysis would consider:
(a) possible submergence of surcharge ill below the groundwater level,
therefore decreasing its effective weight, (b) actual thickness of
dredged malerisl being treated, wvhich would influence the smount of
settlement obtained; and (c) consolidation of underlying compressible
natural foundation soils, which would add to the storage volume avail-
ablc from treatment of dredged material. The time required to secure
densification (discusscd in Part V) for dredged meterial thicknesses
more than 10 ft may be so long that means to accelerate the rate of con-
solidation may be necessary.

Temporary surcharge
1111 with vertical drains

156. Where the thickness and/or consolidation characteristics of
homogeneous dredged material and time available for densification re-
gquire vertical drains to accelerate the rate of consolidation, the
drains must be installed with fairly close spacings; otherwise, con-
solidation will be dominated by vertical {low and the drains will serve
no useful purpose. An exception arises if intermediate horizontal saud
layers exisl in the dredged material, ei- her accidentally or deliber-
ately. This case can be considered on its merits by separate computa-

tions as an exception to the general situation.
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1%7. The cost estimate using vertical drains assumed that 20 ft
of drecdged material had been placed in a disposal area and that a crust
had developed. Uncerlying soils were considered normslly consnlidated
under the weight of overlying materiasls. For illustrative purposes, a
¢, of 0.02 sq ft/day was assumed and it was stipulated that 90-percent
consolidation be achieved in 5 yr. As before, the dredged matericl was
assumed to plot along the A-line on the plasticity plot. The computa-
tions are presented in Appendix C, page Ch, for a case Wwhere vertical
drains cost $1.00 ver linear foot, a collector pipe system costs $1200
per acre ol treated area, and sand surcharge Till costs $1.00 per cubic
yard, Obviously, these cost figures would have lo be adjusted for spe-
cific locations. The cost of vertical drains at $l.00 per linear foot
for vertical sand drains is comparatively low since a short installstion
time would be anticipated for drains in soft materials. Other type
Grains could be used, but costs are believed gererally similar.

158. The added storage that could be obtained, expressed as cubic
yards per acre of disposal ares, is summarized in Table 20 for solls
having various LL and subjected to surcharge fill thicknesses of 1, 5,
and 10 ft. The cost of densification per cubic yard, the added storage
capacity obtained, and the cost per acre of disposal area are also sum-
marized in Table 20. It can be seen that a high premium must bte paid
for vertical drains. This added cost was incurred because of the re-
quirement imposed that 90-percent average consolidation be achieved in
5 yr. As illustrated in Figure 30, for a fill thickness of 20 ft having
one-way drainage, S0-percent consolidation would be achieved in about
22 yr without drains. Obviously, it is beneficial to make long-range
plans in an effort to avoid the cost for vertical drains to accelerate
consolidation.

Pended water surcharge

159, This alternative would generally follow work done by NYFA
and would consist of 20-mil unreinforced PVC membrane, a sand drainage
layer immedlslely beneath the membrane, and collector pipes in the sand

drainage layer. The total cost is approximately $12,700 per acre (Ap-

pendix C, page cTl.
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160, The added storage availuble in cubic ysrds per acre for
50ils having various LL is tabulated in Table 20 for water depths of
8 and 16 ft, correspunding to surcharge loads of 500 and 10C0 psf, re-
spectively. The cost of densification treaiment per cubic yard of added
storage is also shown in this table. The cost figures shown do not re-
flect the added height of retaining di: es required to confine the ponded
water. Neither do the cost figures include wave protection, which might
be necessary if large disposal areas were subjected to water ponding.
The use of interior dikes could reduce wave heights and reinforced PVC
could protect dikes. While these costs might total appreciable amounts,
they were not included because the effect on average cost per cubic yard
of additional storage obtained would be largely dependent on the con-
figuration and size of the disposal ares and would not be expected to
govern selection otf a treatment method.

Surface vacuum mat
161. The Kjellman type of vacuum mal used to apply surface load-

ing by atmospheric pressure was assumed to consist of a membrane, sand
bianket wilh collectors and water, and vacuum pumping. A vacuum of
about 15 in. of mercury or about 1000 psf was assumed (Appendix C,
page CO), "The cosl estimate assumed a pumping time of & yr with auto-
matic pumps., Storage available and cost per cubilc yard of increwnzed

storage are summarized in Table 20.

Densification by Drainage

Underdrainage

162, The use of an underdrainage layer to effect densification
is 1llustrated in Figure 35. The sand layer shovn in this figure can
be a naturally occurring foundation layer or one placed on the botiom
of the disposal area prior to placing dredged material. Consolidation
of overlying dredged material would develop pore uréssures in a sand
blanket, which could be reduced by a colleclor pipe system in the sand
layer. Such a collector pipe system would probably be required even if
the foundation consisted of sands becausc of the large size of disposal
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areas., As previously discussed, this resulits in large pore pressures
in sand iayers and renders them inefficient for use as druinuge layers
unless collector pipes are used

163. To be conservative, Lhe cost estimale presentced in Appen-
dix C, page Cl0, assumed that pore water suctions in dredged masterial
did and did not develop. The results are summarized in Table 20 for
the conservative assumption thal suction pressures did not develop in
the dredged material. If such suctions developed, and there is good
reason to belisve this would be the case, the volumes of additional
storage would be approximately twice the values shown in Table 20 and
the cost per cublic yard of additional storage would be approximately
one-half. These computations were made for g 10-f1 thickness of dredged
material.

Pumped underlying
drginage layer with vacuum

164. The conditions for this case (Figure 36) could be developed
b by pumping from an underlying drainage layer with a high vacuum main-
3 tained by vacuum pumps. In computing benefits from such a system, it
Poob wae assumed that a crust had formed to a depth of 2 ft and that under-
- . iying soils were normally consolidated, Pumping of water and develop-
i menl, of a vacuum in an underlying drainage layer would cause additicnal
' settlement. Cost estimates (Appendix C, page Cll) assume that pumping
and maintenance of a vacuum would be necessary for a 5-yr period on the
' vremise that this would result in 50-percent consolidation of the

dredged material. This time (ligure 30) applies for one-way drainage,

C a 10-ft length of drainage path. and a coefficient of conscolidation of

¢ the dredged material of 0.01 sq ft/day.

i 165. 1f the foundation material of the disposal area contained
: pervicus sands, the only cost world be the pumping involved. Costs per

cubic yard of additiocnal storage obtained are summarized for this case

iy

in Table 20, 11 the pumping period could be reduced substantially, as
3 : would be the case if the coefflicient of consolidation of the dredged
material vwerc higher, the cost would be reduced correspondingly.

166. In the event that the digposal ares did not have pervious
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roundation sands, this treatmenl method could be used by placing a 1-fL
sand layer on the surface of the disposal area, together with collector
pipes embedded in the sand, as shown in Figure 37. The addition of a
sand layer and collector pipes would increase costs shown in Table 20
by approximately 40 percent. If consolidation procceded more rapidly,
the available storage volume would be correspondingly increased and the
cost per cubic yard of storage obtained would he decreased. Actual
costs for this treatment technique are largely dependent on local site
conditions and figures shown should be interpreted to illustirate order
of magnitude costs for this technique.
Seepage consolidation
with ponded water surcharge

167. If dredged material is placed on an underdrainage layer in

which the water level is maintained at the top of the layer, water will
drain out of the dredged material into the drainage layer and will exert
a seepage pressure on the dredged material. If water is ponded above
the dredged material, the seepage gradient and seepage forces through
the dredged material will increase, tending to consolidate the dredged
material (Figure 38). This alternative was evaluated assuming that a
drying crust had formed to a depth ot 2 ft and the added storage ob-
tained wouLrd b2 in addition to that resulting from consolidation of
dredged naterial under the weight of a 2-ft crust. This is consistent
with evaluation for other techniques.

168. Computlations for this case are presented in Appendix C,
page Cl3, and assume that evaporation and rainfall are in balance over
a l=yr period so that maintenance of the pond would not be significant.
1t was further assumed that an effective natural underdrainage layer
did not exist and that it would be necessary to provide an artificial
layer with embedded collect« r pipes. A 10-ft thickness of dredged ma-
terial wus assumed with water ponded to a depth of 10 ft. IFor these
conditions, the quantity of added storage that would result for various
dredged material is summarizcd in Table 20 together with the cost per
cvble yard cof additional storage obtained.

169, 1If a site had an existing underdrainage layer capable of

99

" -3$;wmmwmmm‘wh T L . TP

R LT R

L mmid bl al

ok

SRR

£y




conducting seepage away, the cosl for stabilization would be only the
cost of raising the retaining dikes and pumping in waler. Neglecting
the cost of the dikes, which would have to be estimated in accordance
with the size of the area and height required, the cost for pumping only
would amount to only $0.10 to $0.15 per cubic yard of additional storuge
volume obtained, which would be exceedingly inexpensive,

170. The section shown in Figure 38 assumes a homogeneous thick-
ness of dredged material. This could be expected if the dredged mate-
rial was placed continuously. In the event that dredged material was
Placed intermittently, a drying crust would develop on the surface of
each 1ift. These crusts would have reduced permeabilities and would
serve as parlial barriers to downward seepage. The effect would be to
decrease consolidation of material above a crust and increase consolida~
tion of material beneath a crust. "This is not necessarily an argument
against permitting crust development during intermittent deposition of
dredged material in the disposal areas because the development of a
crust automaticalily entalls a volume reduction and, hence, increased
storage capacity., Detailed studies might show, however, that the per-
meability reduction resulting from formation of a crust would be unde-
sirable and that better overall resulits would be achieved it crust
development were not permitted., This aspect should be investigated by
additional studies,

171. No instance is known where water ponding without s membrane
has been used. However, seepage pressures do exist and would cause in-
creased effective stresses in the dredged material. Hence, the concept
of this treatment alternative is :zonsidered sound although the technique

itself is regarded as experimental.

Densification by Desiccation

Incrementsl placement of dredged material

172. If dredged material is placed in increments of 1 to 3 ft and
allowed to dry, t4e water content can be reduced to about the PL if

drying conditions are favorable. This type of disposal area operation
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might be feasible if the area available is large enough 1o be divided
into sections, some of whnich are drying while others are receiving
dredgea material,

173. The cost of this alternative was estimated assuming that
nominal labor and equipment costs would be incurred to maintain good
surface drainage (Appendix C, page C1l%). The costs and increased
storage for this treatment arc summarized in Table 20 for volume bene-
fits that correspond to a water content reduction from the LL to the PL.
Volume reduction from the placement water content to the LL was not
credited, considering that it would develop with nominal maintenance,
as done for the other treatment alternatives.

Other desiccation technigues

174. Capillary wicks and internal thermal treatments are re-
garded as being in a rescarch stage and not amenable to cost analyses,.
The cost for treatment by capillary wicks might be relatively low, but

this cannot be expected for internal thermal treatments.

EBveluation of Densification Benefits

Increased disposal
ares storage capacity

175. The data shown in Table 20 are arranged in Table 21 accord-
ing to the amount of added storage, expressed in cubic yards per acre of
disposal wrea. This facilitates examination of treatment alternatives
where the amount of added storage which can be obtained is the para-
mount consideration. The data shown are for a 10-ft thickness of
dredged material being subjected to densification treatment. Some tech-
niques would produce added benefits in approximately direct proportion
to the thickness of dredged material being treated, but associated gques-
tions such as time for consolidation might become paramount and would
have to be determined on an individual site basis.

Cost of increased storage capacity

176. For many locations, the feasibility of densificalion treat-

menl will depend on the cost per cubic yard of added storage capscity,
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For this reason, the dota swnmarized in Table 20 are listed in Table 20
according to the cost of densification per cubic yard of storage. ‘UThe
costl data shown, ds previously stressed, are extremely upproximate and
are intended to indicatle only the order of magnitude. 1t is evident
that densification treatment to obtain added storage is an expensive
process, except for desiccation by placing in thin layers and for some
drainage techuiques.

177. The principal limitation of the volume and cost estimales
shown in Tables 20-22 is that foundation settlement is ignored. At scme
sites, this will equal or exceed dredged material settlement and may
drastically alter conclusions reached by considering only the dredged
material. Another limitation of data shown on these tables is that only
g 1C-% thickness of dredged material is assumed,

Raising retaining dikes

178. The informaticn shown in Tables 20-22 can also be evaluated
by comparing treatment results with the volume and cost of additional
storage obtained by raising the retaining dikes. The cost of retaining
dikes, expressed in terms of cost per acre of disposal are>, is heavily
dependent on foundation conditions, the size of area, and other factors.
Nevertheless, Lo obtain the general order of magnitude of what is in-
volved, estimates were mea.e for retaining dikes having a crown width of
5 £t (Appendix C, page ClT7). F¥or one-on-four side siopes,. the added
volume of dike, expressed in terms of volume of dikes per acre of a
1000- by 3000-ft disposal area, is shown in Table 23 together with the
added storage volume cobtained by raising the aikes, The added volume
is also expressed in terms of cubic yards per acre of storage ares. The
added storage volume that can be obtained per acre by raising the height
of dik~2s in increments is shown in Table 23 for dikes having side slopes
of one-on-four and a crown width of 5 ft.

179. Comparing this added storage volume with the additional
storuge shown in Table 22 for various dredged material treatment tech-
nigues shows that increased storage capacity can most easily be ob-
tained merely by raising the height of dikes slightly. As summarized

in Table 24, raising the dikes no more than 2 ft is the equal of all
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treatments listed in Table 21 except for the desiccation technique, and
rulsing the dikes 3 £t is Lhe equal of all treatments considered. If
the thickness of dredged msterial is more than about 10 f't, the added
storage thut can be obtained from densification treatme ' will be in-
creagsced, and equal storage capacity without treatment would require
higher dikes. In terms of the cost per cubic yard of additional storage,
it is evident (Table 23) that the approximate cost of p: ..iding alded
storage capacily by raising the dikes, $0.25 per cubic yard, is substan-—
tially less than for any dens ication technique, including desiccation

by placing in thin layecrs, dr -ing, and trenching.

Conclusions of Densification Treatment

180. Tt is evident that the densification treatment of dredged
material placed in disposal areas is a practical alternative only wheve
raising the dikes is prevented by legal or environmental considerations,
or where the cost of dike raising is relatively large because of the
small size of the disposal area, Nevertheless, there are cases where
dikes cannot be ra.sed. Y¥conomic comparisons favor raising dikes as a
means of obtaining additional storage capacity at minimum cost.

181. These comparstive volume and cost data do not include desic-
cation by internal thermal treatment of dredged material. This tech-
is undeveloped in the United States and meaningful comments coacerning
its application cannot be made. However, since this type of work has
been undertaken in Russia and other countries to varying extents, it may
be desirable to consider this subject area for research,

182. The various densification treatment techniques have been
discussed sclely from the viewpoint of cobtaining additional storage vol-~
ume in disposal areas. Where the evenitual development of a disposal
area entails counstruction of buildings or other structures, the efficacy
of densification trestment can be evaluated using engineering analyses

such as have been discussed in this report and elsewhere.29’30

It, has
been adequately demonstrated by work at many locations that soils found
in disposal areas are of types that can be densified adequately for many

development purposes.
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PART VII: KRECOMMENDED RESEARCH

183. 'The presentation of methods of analysis for total and time
rate of consolidation settlemeunts and for secondary compression have not
emphasized uncertainties involved when using these procedures for high-
water-content dredged material. Similarly, comments have not been made
regarding limitations of the various densification techniques, nor for
recommended research. This was done to make the presentations and eval-
uations concise, but in some cases, research is desirable,

184, The general concepts of consolidation are reasonably well
understood regarding computation of total settlements. In any specific
case, laboratory consolidation tests can be performed that determine the
consolidation characteristics. However, little is known concerning the
combined sedimentation-consolidation of soils under extremely small in-

crements of loading.

Laboratory Research

Sedimentation-consclidation prccesses

185, When densifying dredged material, the initial conditions of
the s0il are considerably different than those for which much engineer-
ing experience has been accumulated. Consequently, the time rate and
amount of consolidation should be researched under extremely small load-
ings and under small increments of loads. This work should start with
typical slurries and simulate protolype conditions through densification
treatment. Consolidation properties that are regarded as constant in
conventional soils engineering practice are variable when consolidation
takes place over a large range in void ratios. Further, initial con-
ditions arc inadequately known. Variable soil properties can be con-
sidered by available computer analyses but appropriate soil properties
input are largely unknown.

186. Dredged material sedimenitatior and consolidation are a com-
bined and continuous process unlike condi.iong in conventional engineer-

ing practice wherein only the cousolidalion phase is considered. Some
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resegrch has been accomplished i1 which sedimentation and consolidation
have been jointly studied, but the height-to-diameter ratios of equip-
ment used restrict the validity of the work. Research on consolidation
test requirements has shown that height-to-diameter ratios are critical,
and values of about 0,33 to 1 are generally used in engineering practice.
In contrast, height-to-diameter ratios used in sedimentation or slurry
consolidation tests have been about 4.5 to 1, or the height has been
about 14 times larger than considered appropriate for consolidation
tests, This difference would cause large sidewall Triction forces to
develop and makes the test results gquestionable, slthough they are prob-
ably correct gualitatively and useful for illustrating concepts and
mechanisms. The principal reason why large, instead of small, height-
to-diameter ratios have been used is, of course, the practical one of
egse of testing.

187. The importance of correctly simulating prototype
sedimentation-consolidation processes under controlled conditions
warranls construction of a large sedimentation-consolidation device that
n ore closely meets normal criteria for height-to~diameter ratios. For
this reason, devices 6 ft high and 4, 8, and 12 ft in diameter are rec-
ommended. These devices would be simple to construct and operate, since
required loading capacity is small, not over about 2000 psf. The de-
vices should be thoroughly instrumented with piezometers gt various
levels; side ports for X-rays, samples, pressure cells, etec.; and facil-~
ities to simulate underdrainage, surface drainage, desiccation, seepage
consolidation, and other treatment techniques, Since these devices
would be filled with various typical dredged material slurries placed
by pumps, operating costs would be small. If, for example, such devices
had to be filled with hand-placed and compacted soil, the cost would be
largc, but this would not be the case for dredged material.

188. FEguipmenl of the type recommended would be used to investi-
gate the combined process of sedimentation-consolidation followed by
various desiccation or densification treatments. Such tests are con-
sidered essential for establishing initial conditions of disposal areas

at the time densification ilreatments, including desiccation, might be
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undertaken and for establishing the validity of theoretical analyses o
disposal area treatment.

Secoudary compression research

189. While secondary compression of soils is only partially
understood, it may not appear to be sufficiently important to disposal
ares usage Lo require additicnal research. This is probably the case
where effects of densificatlion treatment on dredged material of speci-
fied initial conditions are being evaluated. Secondary compressicn is
considered relatively unimportant when elfective stress increases are
large, but is importanl when effective stress increases are small, as
during sedimentetion-consolidation, Because secondary compressicn ef-
fects are possibly of major importance in determining the initial con-
ditions of dredged material at the time densification treatment is
undertaken, the research with large sedimentation-consolidometers should
include study of secondary compression effects. The uncertainty in de-
termining initial conditions of dredged material is of decisive impor-
tance in evaluating effects of densification treatment,

190, If a disposal area is to be extensively developed for build-
ing construction, further research on secondary compression i1s highly
desirable. Details of recommended research are nol precented in this
report because development of disposal areas for such purposes has not
been assigned a high priority.

Atterberg limits research

19'. The utility of AtterbLerg limits for describing initial con-~
ditions in disposal areas and to facilitate computation of total and

time rate of settlements has been demonstrated by analyses previously
presented. The Atterberg limits used were the Alterberg LL and PL;
however, Atterberg alsc defined an "upper liquid 1imit" which should be
explored further since it relates closely to the placement and subse-
quent changes in dredged material placed in disposul areus.hg

192, Atterberg delined the upper LL as the "upper limit of vis-
cous flow; that is, the limit at which a cloy slurry retains so much

water that it flows aimost like water." ATter various attempts Atter-

berg states that he obtained the most constant values with the follow-

L9

ing tesl procedures
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The clay powder is mixed in a porcelain dish, with
round bottom, with enough water for the sticky limit
to be recached.... Only then, water is graduslly,
with the aid of a wash bottle, added until with con-
stant mixing the mass begins 1o flow like water. A
groove is then made in the slurry with a glass rod.
If this groove disappears within half{ a minute, the
limit is reached. If one has gone beyond the limit,
one should set the procelain dish over a hot water
bath for a while in order to evaporate some of the
water, or one cain add a little more clay powder to
the slurry (less desirable, however ). Then one again
attempts, by the addition of small amounts of water,
to reach the limit. When it has apparently been
reached, one lets the slurry pass through a fine
sieve so that any small lumps that may be present
will be removed. A portion of strained sluryy is
then weighed and dried at 100 deg C. The loss of
weight, calculated on the basis of 100 parts of dry
clay, gives the position of the limit.

193. The test values reported by Atterberg appear closely re-—
lated to properties of dredged material placed in disposal areas. The
values given by Atterberg for the upper LL vary between about 1.0 and
2.3 times the LL, with mos¢ values between 1.5 and 2.2. There appears
to be a generally consistant relationchip between the plasticity of the
clays and the upper LL., The ratio between the upper LL and the conven-
tional LL appears ito be dependent also on the plasticity of the clays.
Atterbverg's tests were limited in number and were not expressed in
current s0ils engineering terminology. The concept of the "upper limit
of viscous flow" appears sufliciently valuable so that it should be re-
lated to the condition of material in the disposal area at the time
that densification trestuent might normally be undertaken.

194, It is extremely important to determine what increase in
density will occur in disposal areas. The analyses made have assumed
that densification treatment would not be attempted until the soil had
reached approximately the LL. This assumes that the volume decrease
from placement moisture contents of 2, 3, or 4 times the LL to the LL
will occur withoul specific need for treatment other than draining sur-
face water and normal crust development. This assumption is congervalive

and appears warranted, bul requires further investigation.
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Initial Conditions in Disposal Areas

195. Dredged material deposited hydraulically has water contents :
after sedimentation which are different from those normally encountered }

i in engineering practice. While available data have been examined and

sumngrized in Part II1, the data are insufficient for dredged material

densification design. For this reason, more investigations of existing

conditions in various disposal areas at various times after placement

of dredged material are highly recommended. This work is considered to

have a high, or urgent, priority. It is recommended that systematic §
beoring and testing programs be undertaken to determine water contents ]
and soil properties in existing disposal areas having various founda-

tion conditions and covering a variety of dredged materisal.

TR

196. Borings and samplings suitable for determining water con-
tents, Atterberg limit. , and grain-size distributions can consist of E
simple displacement-type fixed piston samples having liner tubes. A ;
diameter of about 1 in. would be sufficient. Samples of this type could
be advanced by hand without casing or drilling mud., At the most, a
5 simple tripod rig would bhe required, but even this would probably be

unnecessary because of the softness of dredged materisl and the smail i

§ sampler size.

Theoretical Research

197. The process of sedimentation and consolidation has been con-
v sidered in research sponsored by DMRP, but additional work is necessary.

i The effects of secondary compression during sedimentation and consolida-

TR T
G

EE tion before start of densification treatment have not been considered
and are believed to be of major importance in determining the initial

b g water content and density of dredged material. 1In addition, the avail~

L VP MW PR S S SR TS

able analyses need to be compared vwith results from laboratory ancd field

tests to establish the validity of available theories and to modify them |

a5 required,
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Densification Treatment Research

198, The benefits and utility of densification treatment have
beer examined herein but should be verified by field tests under a vari-
ety of field conditions having a range cf dredged material and of dis-
posal area foundation conditions. The latter should include pervious
and impervious soils. The field tests should be instrumented and sam-
pled at intervals.

Densification by loading

199. Conventional engineering techniques involving densification
by loading are considered to be understood well enough to be applied to
dredged material densification treatment, if desired., Principal un-
certainties involve possible construction problems arising because of
the extremely soft nature of dredged material requiring densification.
Research required can best be accomplished as part of demonstration test
uses of various methods. A major problem requiring study is how to
place a layer of sand over large disposal areas without permicting local
concentrations of sand that result in displacement of the dredged mate-
rial., Research in this area could consist of underwater placemenl, use
of various spreaders, ete., to secure g uniform thickness of sand fill.

Densification by drainage

200. Seepage consolidation. Seepage consolidation by downward

flow of ponded water of dredged material is particularly attractive
where foundation conditions underlying the dredged material are suffi-
ciently pervious to prevent pore pressure development in the foundation,
since this would eliminate or reduce downward seepage gradients. This
possibility of seepage consolidation affords an extremely low-cost
method for stabilization where foundation conditions are suitable, but
needs rescarch to establish its feasibility.

201. Underdrainage. Underdrainage, especially with vacuum pump-

ing, affords an attractive means for stabilization. However, further
studies, both field and analytical, are desirable. Plastic collector

pipes that cen be unrolled from large coils and have their own plastic
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fitier cloth should be investigated ss underdrainuge collectlors with
and without sand luyers.

202. Geodrain:. Geodrains offer a possibility for use as hori-

zontal drains and alsc as inexpensive vertical drains., It is suggested
that this possibility be further explored by determining the hydraulic
conductivities of Geodrains and their stability as filters in dredged
material. A Geodrain may be a simple, veriical drgin, substantially
less expensive than anything that has been used in previous engineering
practice, It may be possible to use very lightweight equioment for
economically installing large numbers of Geodrains. Geodralns may also
be useful if insertcd vertically in desiccation crzcks to connect newly
depogited dredged material with underdrainage and avoid sealing effects
of a desiccalion crust.

Densification by desiccation

203. Desiccation appears to offer the most significant opportu-
nity for securing densification of disposal materials at low cost. It
is recommended that work currently being done in this area be pursued

and intensified. This work should vpe expanded to include possible use

:, of Geodrains or other vertical drainage through crusts between intermit- 1
. tently placed layers of dredged material., Desiccation achieved by 3
! vegetation or by surface drying should be investigated from the view-

point of engineering characterisiics involved, Suction pressures caused
by surface drying or by vegetation should be measured, together with
changes in water contents and shear strengths. Measuremenis should be
made to determine if surface drying or water demand by root sysie~s can

! effect deep lowerings of the groundwater level during periods of low

P e

& rainfall. TFor example, it can be speculated that surface trenching

P might lower the groundwater level 2 or 3 ft, whercas suction pressures

from deep root systems, or perhaps surface drying, might exist to depths

of 5 to 8 ft and, hence, increase loadings on deeper soils. This might

’ develop only during periods of low rainfall, but sn intermittent effect
could be cumnulative.

Densification by chemical treatment

204, Stabilization by chemicals appears to require, and merit,
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7 rcscarch only in the manner in which flocculants are dispersed in Lhe 3
1 dredged material. Available expertise, in the private sector, seems ad- J
equate to select fTlocculants for any case where dredged material settles
oul of suspension so slowly that the process must be accelerated.
3
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PART VIII: CONCLUSIONS
205, The following conclusions are made on the tasis of informa-—
tion presented. They relate primarily to densification for the purpose

of providing additional disposal area capacity.

Soil Types in Dispcsal Areas

206, Dredged material varies from sands to silts and fine-grained
plastic silty clays and clays. Sands and silts consolidate rapidly and
are not considered troublesome, nor susceptible to densification treat-
ment. Fine-grained silty clays and clays ~re vweak, compressible, and
undesirable as fill and borrow materials. Only such materials have been
considered in this report.

207. The natural water content of dredged material immediately
alter sedimentation is several times the LL. After some surface drain-
age and drying has occurred, the limited data available suggest that
water contents are about equal to the LL.

208. Fine-grained dredged material ususlly has Atterberg limiis
that plot close to Casagrande's A-line on the plasticity plot. This
offers a simple basis for correlating soil properties for preliminary

design computations.,

Applicability of Conventional Densification Methods

209, BSoil types and conditions in dredged material disposal areas
are similar to those encountered in some conventional soil mechanics and
foundation engineering stabilization applications. However, conven-
tional applications have encountered difficulties when soil types and
conditions were as poor as those of dredged material. These difficul-
ties can be avoided if personnel are experienced in soft soil stabili-

zation design.

210. The practicability of using conventional densification

techniques to secure increased disposal area capacity depends more
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uporn economic and other factors than upon technical considerations.

Increased Disposal Area Capacity

21l1l. A large volume decrease occurs when the water content of
dredgcd material is reduced from its initial value af'ter sedimentaticn
to the LL. According to field observations currently available, this
reduction in water content can be achieved by simple surfaece drainage
combined with crust development and slight lowering of the groundwater
level in the dredged material.

212. A reduction in water contepl below the LL is aclhieved with
much greater difficulty and results in less volume decresase, and, hence,
in less increase 1n storage capacity. The amount of storage capacity
that can be achieved with densification depends on the plasticity charac-
teristics of the dredged material, which are related to compressibility
characteristics.

213. The increase in disposal area capacity that can be achieved
by densification can be related to the Atterberg limits of the dredged
material. Using surcharge and drainage techniques, materigls having LL
less than 50 undergo volume decreases less than about 5 to 15 percent.
If the LL is between 50 and 100, disposal area capacity may be increased
from 10 to 20 percent for most densification treatments. If the LL is
as high as 200, the increase in cepacity may be as much as 20 to
30 percent.

214, Desiccation and seepage consolidation technigues produce the
least costly addiitional storage volume. Desiccation may cause storage
volume increases of 25 to 60 percent for LL of 50 to 200Q. Seepage con-
solidation and underdrainage with vacuum pumping are attractive.

215. Bstimates of increased disposal aresa capacity from densi-
fication have assumed initial moisture contents equal to the LL. This
is intended to apply to disposal areas when surface drainage and a sur-
face crust have developed. This assumption should be further examined.

216, Disposal area foundation consolidation from swrcharge load-

ing and drainage treatments may be large where foundation soils are soft,
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compressible, and thick. Densification treatments may result in sab-
stantial increases in disposal area storage capacity under these con-
ditions, and foundation consolidation should always be evaluated.

217. Desiccation can produce the largest storage capacity in-
crease of any of the densification treatments considered, and the cost
is less than for other techniques, However, the method may not be
readily usable for areas limited in size wherce flexibility in scheduling
storage of dredged material does not exist. It is generally not feasi-

ble for treating existing disposal areas where substantial filling has

already occurred.

Densification Versus Dike Raising

218. BSurface drainage and surface drying should be promoted in

81l disposal areas to reduce water contents to the LL or lower if

possible.
219. 1Increased storage capacity from densification treatment may

be the equivalent of raising the height of retaining dikes only a few

feet. Dike raising, where permissible, is the lowest cost alternative

for increased storage capacity.

Dredged Materiasl As Borrow

220. Fine-grained plastic clays having high LL are undesirable
borrow materials for most purposes where strength and compressibility

of the material are important considerations.
221, Dredged material treated by loading or drainage techniques

cannol be reduced in water content sufficiently to make it useful as

sources of borrow material.
222, Desiccation techniques and placement of dredged material in

1- to 3-ft layers could, under favorable conditions, reduce the water
content sufficiently to permit use of the material where high LL borrow

material is acceptable.
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Upgruading ol Disposal Arcas

223, Disposal areas located in urban centers are especially
attractive for development purposes, often providing an inexpensive
and strateglcally located site.

224, Conventional stabilizsation techinigues can be used to improve
disposal areas so they can support substantial one- »r * vo-story bulld-
ings without objectionable settlement. Secondary compression effects
must be included when this use is anticipated.

225, When used for parks, golf courses, etc., disposal areas can
be easily upgraded by conventional densification treatments to avoid
objectionable settlements. The dredged material can be landscaped to
provide rolling topography when desired.

226, Benefits of placing dredged material in disposal areas in
urban centers may be large and the value of land created may pay for
virtually any conventional type of densific.ticn treatment. This aspect

has not been included in this report.

Chemical Treatmcnt

227. Chemical densification treatments do not appear applicable
for jncreasing disposal area storage capacity.

228. Flocculants ordinarily do not appear to be required to ex-
pedite settlement of dredged material.

229. Occasionally dredged material may be slow to drop out of
suspension in reasonable time periods. In these cases, Ilocculants can
be beneficial. Suitable flocculants must be selected by appropriate
tests for specific site conditions. 'This is within the state of the art,
especially in the private sector. }

230, The etficient introduction of flocculants may reaquire ex-

perimentation on a site, since the manner in which flocculants are in-

troduced may determine if they are beneficial.

231. TFlocculants may effectively accelerate sedimentation where
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regquired, but thereafter have no significant effect on the engineering

behavior of dredged materisl,

Recommended Research

232, Further resegrch in the following areas is considered to
have a Category I priority:

Combined sedimentation-consolidation tests with large
test devices, at least 6 ft high and 4 to 12 rt in
diumeter,

b. Evalvation of Atterberg's "upper liquid limit."

Theoretical analyses of the combined sedimentsation-
consolidation process including effect of secondary
compression in the early stages before densification
treatment is undertaken.

{el
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d. Determination of the condition of dredged material after
placement in disposal areas. This should include vari-
ous types of dredged material and various disposal area
foundation conditions. This work can be done simply in
a large number of disposal areas using small-diameter
displacement samplers with liners. Water contents and
Atterberg limits should be determined. The "one-point"

- LL test will probably be adequate.

I®

Field test of drainage techniques such as: (a) pumped 1
underdrainage with induced vacuum, (b) seepage consoli- )
dation with normal unpumped underdrainage, and (c) seep- i
age consolidation with pumped underdrainage with in-~
duced vacuum.

¢ f. Field tests of desiccation by vegetation and by surface

trenching and surface drying should be combined with

' engineering tests to determine if beneficial effects

i can be induced to depths substantially greater than

currantly expected or would be possible by surface

trenching. This work should include measurement of

i 5011 moisture suctions at various depsvhs and relation-

ship to engineering predict’ons, water contents, settle-

R ments, plezometer pressures, and similar engineering

iy tests. These engineering tests must be combined with ]

o assoclated biological research.

233. Additional research described below, classified Category 11, ]
should be undertaken when possible, and is considered desirable:

a. Effects of secondary compression when densification is ]
undertaken for site development purposes,

116

B B,




agi on o

{2

el

e

jo

Consolidation of high-water-content soils under small
effTective stress increments.

Various types of collector pipe systems for internal and
underdrainage design. These include {=odrains and
plastic pipes that can be unrolled from large coils and
equipped with plastic filter-cloths.

Introduction techniques for flocculants,

Thermal densification techniques.
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Table 7
Mississippi River Gulf Outlet - Wew Orleans, Dredged

e

i ks a2 i

Material in Disposal Areg¥*

Liquid Plastic Plasticity Water Liquidity  Water Content:
Limit Limit Index Content Index Liguid Limit
I S A % % %
92 21 71 88 0.94 0.96 3
66 21 45 50 0.64 0.76
3 ok 49 b7 0.47 0.6k |
h 21 53 o7 0.87 0.91 ]
* Borings U-2A and U-2C. samples above elevation 0.0. %
;
3
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Table 9

Ligquidity Index and Water Content - Liquid Limit katios

Water Contgnt:
Liquid Limit
Mean Std Dev ¥

Liquidity Index

Location Mean Std Dev _N*

Typical Dredging Locations

Charleston Harbor 1.8 0.9 8 1.5 0.5 8
Delaware River 1.4 0.k 15 1.3 0.2 15
San Francisco Bay 1.8 0.3 3 1.k 0.1 3
York River, Va. 1.k 0.3 h 1.3 0.2 L
All Sites 1.5 0.6 32 1.3 0.3 30
In Disposal Areas
Delaware River 0.6 0.1 n 0.8 0.1 I
Y'oledo Harvor 0.7 0.2 8 0.9 0.1 8
Buffalo Harbvor 1,0 0.3 1h 1.0 0.2 15
Cleveland Harbor 1.2 0.3 12 1.1 0.1 iz
Mobile Harbor 1.b 0.3 5 1.3 0.2 5
Miss. River Gulf Outlet 0.7 0.2 L 0.8 0.1 L
All Sites 1.0 0.k L7 1.0 0.2 u8

* N = number of tests.
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Table 11

Dewaterirgs=-Deunsification Methodologies

Methodology Technique Status
Physical Loading Applicable
Drainage Applicable
Desiccation
Surface drying Applicable
Capillary wicks Proposed-not developed
Mechanical Surface reworking In use
Surface drainage In use
Chemical Grouting Not applicable
Flocculants Applicable
Thermal Internal heating

Potentially applicable




Table 12

Dewalering-Densification by Physical Methods

Technique

Loading

Drain:ige and Drainage
Conbined with Other
Techniques

Desicecation

Description

Temporary sucrcharge on surface of disposal area.

Temporary surcharge with vertical drains to
accelerate densification.
a. Vertical sand drains.
b. Xjellman cardboard drains.
¢. Geodrains.
Surface ponding with plastic membranes.

Vacuum mats.

Underdrainage with lowered water level.
a. HNatural sand foundation.
b. Sand layers with collector pipes placed
on disposal area before placement of
dredged materials.

Seepage pressure consolidation, i.e., surface
ponding without surface membranes but with
underdrainage.

Internal drainage in dredged material after
placement in disposal area.

Horizontal send layers with collector pipes.

Sand finger drains with collector pipes.

Geodrain and other drain strips, horizontal.

Electro-osmosis,

Vacuum wellpoints.

1D 120 oY

Surface evaporation.
Surface trenching to increase desiccation depths.

Vegetation.

Capillary wicks.
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Tahle 14 E

Volume Changes Associated with Decresse

in Water Confent

Volume Decrease, Percent ;
Water Content Change for LL Shown 3
From To L0 100 150 200 i

Initial Water Content Equal to Twice LL

é 2 x LL (LI = 2.00) LL (LI = 1.00) 36 Lo Ly ke
LL (LI = 1.00) LI = 0.75 Y 6 7 8

L LI = 0.75 LI = 0.50 l 6 7 8

1 LI = 0.50 LI = 0.25 4 6 7 8 ]
L1 = ©.25 PL (LL = 0) 4 6 7 8 ’

Initial Water Content Equal to LL

FRRRECT AR T VR

_ LL (LI = 1.00) LI = 0.75 6 10 13 1h
4 LI = 0.75 LT = 0.50 6 10 13 1k
LI = 0.50 LI = 0.25 6 10 13 14
LI = 0.25 PL (LI = 0) 6 10 13 14

Note: ©See Figure 29 for plot of water content versus percent volume
decrease.
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Table 15

Time Required for Consolidation of a

10-Ft-Thick Layer of Dredged Material
(See Figure 30)

Average
Percent
of
Time, Yr Consolidation
From To Increment, Total Increment
0 5.4 5.4 50 50
5.4 13.1 7.7 5 25
13,1 23.2 10.1 90 15

. ~,
Taple 16

Effect.ve Stresses Possible from

Use of Surcharge Loading

Maximum Effective
’ . Stress, psf

5-ft
Condition Surface Depth
Groundwater at surface 0 140
) 500 psf suarcharge 500 640
1000 psf surcharge 1000 1140
¢ Groundwater at 2 ft large 270

. 5-ft surcharge 500 770
uy 10-ft surcharge 1000 1300




N

Table 17

Erfective Stresses Possible from Use of Drainage Treatments

Maximum Effcctive Stress

pst
Condition . Surface 5-Tt Depth

No drainage of disposal areu; groundwater level at surface 0 140
Surfuce drying, groundwcter level at depth of 2 ft Large 270
Dreinage layer underlying dredged naterial; groundwater

level at base of dredged material Large LEQ-770
Drainage layer underlying dredged material; pgroundwater

level lowered by punping in drainage layer and partial

vacuum maintained in drainage layer by vacuum pumps

fitted to dewatering pumps Large 2200
Surface sand layer, membrane, and vacuum-dewstering;

15-ir. vacuum in send layer 1060 670-1200
Seepage consolidation; i.e., surface ponding and

underdrainage {10-ft depth of ponded water)

g. Wo wacuum in underdrainazc layer 0 760

b. 19-in. vacuum in underdrainage layer 0 1290

Table 18

Water Content Decrease from Increase in Effective Strgss

Initial Water Water Content Decrease, % Liquidity Index for Ap
Content and for Ap, psf psf
Liquid Limit 200 500 1060 2000 200 500 100G 2000
50 3 6 10 13 0.84  0.70 0.56 0.40
100 8 16 2k 32 0.86 0.73 0.60 0.hy
150 13 25 37 51 0.86 0.74 0.61 0.h7
200 18 3k 50 69 0.86  0.7h 0.62 0.48
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Table 23

Additional Disposal Area Storage by

Raising Retaining Dikes

Added

Dikes Raised Storage Volume

Added Dike Volume Cost
per Acre of 1000- to  per Cubic Yard

ft cu yd/acre 3000-1ft Area of Added Storage
0.5 810 190 $0.23
1.0 1610 380 0.24
1.5 2420 590 0.24
2,0 3230 800 0.25
2,5 4030 1020 0. 28
3.0 4340 1250 0.26
Table 24

Comparison of Treatment Alternatives

Treatment Alternatives

Dessication or raise dikes 1.5 to 2,5 ft

Surcharge loading or raise dikes 1 ft

Underdrainage and water surcharge without
membrane or raise dikes 0,5 ft

Added Storage Volume
%o

15-.25

10

[$a]

© ——
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APPENDIX A: COMPOSITION OF SEDIMENT E

Depositional Envirconments

1. Depositional environmeats and types of material generated in :

*
maeintenance dredging in the United Statesso are shown in Figures Al
and A2, respectively. Engineering properties of dredged material are

determined to a large extent by the depositional environment from which

Lo

they are obtained. Engineering problems associated with dredged coarse-
grained materials from littoral zones are minimal in comparison to
problems associated with fine-grained material encountered in routine

i
maintenance dredging associated with commercial port facillties.5 3

Salinity of Soil Pore Water

2. Dredged material taken from soils deposited in a saline en- i

‘ viromment and subsequently placed in a diked disposal areca may exhibit

different engineering properties from soils which have been subjectea
N cnly to a freshwater environment. As shown in Table Al. the majority

of maintenance dredging in the United States is performed in seline

50,52

waters., Only on the Great Lakes and iniericor riverine environments

ie dredging performed in fresh waters. As shown in Figure A3, a salin-

JEp
1ty of 1 ppt exists 60 miles above the mouth of the Delaware River.””

(ST TR P R VIRE NI PO P

. Similar conGitions probably exist in other rivers wherc they discharge
into salit water,

™

Claszificaticon ané Engincering Propertics
of Bottom 5odiments

?
L Lo s e e B S 5

: 3. In 1973, the Permanent Internal Association of Navigation I
. »i
e Concress (PIANC) |roposed a classification sysztem for soils to be %
: . - sho . . C o . i
dredged, given in Table 2.7 In the United States, the Unified Scil E
* Raised numbers refer to similarly numbered items in the LReferences

at the end of the main text. 3
4
k-
' Al E
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Classification System (USCS) is widely used, not only by the Corps of
Engineers (CE), Bureau of Reciamation, and Department of the Navy, but
also by numerous other public and private engineering organizations.

Charleston Harbor

4. Engineering properties of shoal material in Charleston Harbor
& n giver. in Table A3.55 As shown in Figure Ak, the dry unit weight of

shoal material in Charleston Harbor ranges from almost zero at the sur-~

55

face to about 20 pef at a depth of 6 rt, but most of the increase in

density occurred in the upper 2 ft. Figure AS shows the increase in
dry unit weight of shoal material with an increase in sand content.55
The Atterberg limits are plotted on the plasticity plot (Figure 28 in
main text), and plot close to Casagrande's A-line. About one-third of

the tect values had water contents about at or below the liquid 1limit

(LL), one-third had water contents of about 1.5 LI, and one-third had
é water contents about twice the LL.

Marcus Hook, Delaware River

oy

5. Table AL gives engineering properties of Marcus Hook shoal

56

L material in the Delaware River. A1l except one specimen had water

contents about 1.2 LL., Atterberg LL and plastic limits (PL) are plotted

y ) in Figure 28 in main text and fall close to Casagrande's A-line,

E San Francisco Bay

i f { 6. FEngincering properties of shoal material from San Francisco
' ST

Bay are given in Table AS. The water contents average about 1.4 LL,
Atterberg limits are plotted in Figure 28 in main text, and fall close

* to and slipghtly above the A-line,

Yorr River, Va.
[=4

W T N T e

58 - \ . . . .
¢ 7. Faas measured the variation of engineering properties with

£ depth for bottom sediments in the York River, Va. (Table A6). The li-

i
:

I\

Y

quidity index (LI) was about 1.5 to 1.6, with one value of 1.1 at a
depth of about 1.5 ft. The ratio of water content o the LL was about
L 1.4, except for one value of 1.0 at a depth of about 1.5 ft, The Atter-

berg limit plot was appreciably above the A-line, but well below the

U-line or upper limit of credible test values (Figure 28 in main text).
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: CE_studies

A 8. A study to determine the class.fication snd engineering prop-

K erties of soils to be dredged is being conducted at the U, S. Army Engi-

neer Waterwsys Experiment Station (WES)'SQ Figures A6 and AT show the

! iype of material snd USCS classificetion from remolded samples taken

- from various locations in the United States. Figure A8 summarizes pur-
ticle size, Atterberg lLimits, and organic content for remolded samples,

Leboretory tests are in progress at WES to determine the specific
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gravity compgction characteristics, shear strength, and consolidation
characteristics for these soil samples., These soll properties apply to

possible use of dredged material as sources of borrow.

Sedimentation of Dredged Material

Effect of type of dredge

9. The dry unit weight of dredged material is dependent upon the
type of dredge employed. As shown in Table A7 for dredge types commonly
used in maintenance dredging, the density of the slurry following hy-

. . . 61,60
draulic dredging is about 1200 g/2, °

As shown in Table A8, a slurry
density of 1200 g/% corresponds to a dry unit weight of about 20 pef.
Volume-density-water content relationships for materials having specific
gravities of 2.50 and 2.70 are shown in Figure AQ.

Sedimentation of hopper loads

10. In 1967, the Philadelphia District investigated sedimentation

in the hoppers of a hopper dredge used in maintenance dredging in the

. 63
Delaware River. ~

Undisturbed samples of dredged material were taken
at hourly intervals cver a period of 8 to 10 hr from different depths
in the hopper bin to determine the density of the dredged material
slurry. Significant amounts of free water were released over the 8- to
10-hr test duration, The ratio of average density of dredged material
in the hopper bin (1096 g/%) tc the average in situ shoal density

(1288 g/%) was 0.85. '

Percent dry solids
entering confined disposal area

11. The percent dry solids entering confined disposal areas is
related to the pipeline pumping system. As shown in Figuré AlQ, the
percent dry solids is related to the pump speed. Similar relationships
could be developed for pump size, diameter and length of discharge line,
and transport velocity. Once dredged materisl enters a confined dis-
posal area, entrance and exit effecets generally result in nomumiform
deposition of material over the entire area and varying soil

preoperties,
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K Sedimentation of clays in nature

N l2. Skempton65 has studied sedimentation and consolidation of

i clays in nature. Table A9 shows rates of deposition Tor several types

of clay deposits.65’6b Figure All shows the relationships between

water content and LL for seabed and tidal flat deposits. The large

Al3
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Figure All. Vater content w versus LL for seabed and tidal
flat deposits (according to Skempton,®> courtesy of Geological
Society, Burlinglon Houze)

difference in water contents between these depositiional environments

appears significant, The relationship given by Skempton between void
ratio (or water content) and depth (or effective overburden pressure)
for normally consolidated clays is shown in Figure Al2. A similar re-
lationship between LI and depth (or effective overburden pressure) is

given in Figure A13 (on which has been added ihe equation Tor the dotted

line shown). According to these data, water contents of dredged mate-
rial placed in disposal areas should be expccted to be at or above the
LL, generally about 1.2 to 1.3 times the LL, decreasing to zbout the LL
at a depth ol 10 ft.
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LI = 0,62 - 0.42L0G Pgi Pp IN KG/CM?
OR
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Figure Al3., Relationship between LI and effective overburden
pressure D, for normally consolidatlezd clay (according is
Skempton,bJ courtesy of Geological Soclely, Burlington House )

Effect of environmental
factors on sedimentation

13. The settling velocity of dredged material is influenced by
environmental factors such as salinity, temperature, and turbulencc.67—69
The influence of salinity on the settling velocity of clay minerals is
given in Table AlO.TO The settling velocity of montmorillonite clay
increases with an increase in salinily up to seawater conceniration
(32.5 ppt ). For illite and kaolinite clays, maximum settling velocity
is apprcached at a salinity of about one-fourth that of seawater
(7.3 ppt). The temperaturc of the water in the Deluaware River at Phil-

adelphia varies seasonally from 3L to 80°F. 73 The infiuence of tempera-

ture on the seltling velocity of c¢'ay minerals is shown in Table Al10.

A6




A decrease in temperature from 78 to 43°F results in a LO-percent de-
crease in settling velocity for the three clay minerals tested.

14, Turbulent flow increases the probability of particle contacts
U4, 67

and thereby accelerates flocculation. However, an increase in
turbulence beyond some critical. value may disrupt the flocs and result
in a decrease in settling velocity. Shoaling occurs in estuaries with
maximum current velocities of 3 ft/sec. Between the tidal extremes the
flow velocity in the estuary is less than 1 ft/sec and therefore ideal
for sedimentation.

Effect of clay mineralogy
and concentration on sedimentation

15. The settling velocity cf dredged material is influenced by
clay mineralogy, as shown in Table AlQO., Illite settled about 25 percent
faster than kaolinite and an order of magnitude or more faster than
montmorillonite.

16. The settling velocity of dredged material increased with
sediment concentration up to a certain limit and may then decrease with

68,71

increasing concentration. Figure AlkL shows the pronounced influ-
ence of sediment concentration on the settling velocity of shoal mate-
rial for Mare Island, San rFrancisco Bay.?l The settling velcocities of
mixtures of clay minerals reveal unique effec.s at very low salt con-
centrations or in pure water.6’r Dredged material from Mobile Bay set-

tles rapidly in water with salinity < 1 ppt.72

As the sediment con-
centration approaches 10 g/%, the settling flocs tend to interfere with
one another, there is a decrease in the settling velocity, and a layer
of fluid mud results.

Physicochemical -
aspects of sedinmented clays

17. The chemical environment in which clays are deposited can
influence physical properties of the clay.l’2’73 When normally con-
solidated clays sedimented iu salt water are leached by percolation
of fresh water, the sensitivity (ratio between the peuk undrained
strength and the strength when the cilay is remec ded) will increase. The

salinity of the dredged material, rale of leaching by fresh water, and

.
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possible effect of overconsolidation by desiccation (or other means )
determine the variation of sensitivity with time, but an increase in
sensitivity might not affect the storage capacity of confined disposal
areas. Labceralory tests, shown in Figure AlS5, indicate that the in situ
compressibility of limestone residual clay is essentially the same
whether sedimented in daistilled water, in salt water, or in salt water
that is subsequently leachea with fresh water.73 However, preconsoclida-
tion stresses are aflfected by leaching.

Laboratory sedimentation
studies of dredred material

Fs

18. Mathematical mcdels to predict the storage capacity of con—
fincd disposal areaslo’l3’66 require laboratory tests on the dredged
material to determine the sedimentation characteristics. The results
of laboratory sedimentation tests on shoal material from Charleston

oy
Harbor are shown in Figure Al6.)5 Suspensions containing 50 percent
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seawater by volume (17.5 ppt salinity) showed 75 percent of the parti-
cles had settling velocities of less than 0,001 ft/sec. This is equiv-
alent to 3.0 ft/hr. Samples of suspended sediment collected in so-
called fresh water were observed 1o nave flocculated and scttled during
transporl to the testing laboratory. ILaboratory sedimentaﬁion tests
have been couducted in connecticn withfdredgfng studies for the Military
Ta 57

Ocean Terminal at Southport, lorth Carclina and San Francisco Xay.

Figure Al7T shows luboratory sedimentation test results on silly clay
h.

dredged from Wilmirngton Harbor.
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Table Al

Estimated Salinity of Maintenance Dredgings

in United States (after Boyd et al.)

Region

Coastal

Great Lakes

Subtotal

Interior riverine

National total

Total*

222.u

13.5

235.9

62.5

298. 4

Saline

208.4

208. 4
(88%)

208.4

Fresh

1k, o¥*=

13.5

27.5
(12%)

62.5

90,0

* Million cuble yards of dredged material.
*¥%*  Assumes half of river channel dredging in coastal districts is in
fresh water.
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Table AT

Dredged Material Density for Various Dredge Types

{Irom Mohr

60\
)

Dredge Type

Dragline on barge

Dipper dredge

Clam shell or orange peel
bucket dredge

Endiess chain bucket dredge
Cutterhead dredge

Dustpan dredge

Hoppe: dredge

Sidecasting dredge

Dredged Material Density

Approacher. in-place density in mud
and silt. Approaches dry density in
coarser material.

Diluted to an average of 1200 g/%.
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Table A9

Thickness and Rate of Deposition of Clay Deposits

(after Skempton,65 courtesy of Geological

Society, Burlington House

Thickness Rate of
of Deposit Deposition
Type of Deposit m _m/1000 yr
Delteaic
Mississippi 55 120
Rhone 65 17
Orinoco Lo 8
Estuarine
Avonmouth 13 2.5
Tilbury .6 2.0
Pisa 10 2.5
Shallow Marine
Oslofjord - 0.8
5 Po Valley 3000 1.0
. Kambara 2600 0.9
i Deep Marine
Caribbean - 0.03
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APPENDIX B: SUMMARY OF CONVENTIONAL DEWATERING AND
DENSIFICATION METHODS

Dewatering

1. The most common and generally useful methods for soil improve-
ment are dewatering and densification, which are interconnected. De-
watering, or the removal of water from the so0il, is g method for soil
improvement which densifies the dewatered soil. In fine-grained soils,
which are the mein concern of this report, dewatering results in the
removal of part of the pore water and in reduction of pore pressure. It
speeds up consolidation which is accompanied by an increase in strength
and reduction in compressibility.

2. There are several dewatering methods currently in practice.

In order to decide on the appropriate method to t_. used it is necessary

to know:
a. Repth and extent of the formation to be devwatered.
b. Sucéession and grain~size distribution of each stratum.
c. Average permeabillity of the soil strata.
d. Groundwater conditions.

3. These data are useful in estimati.g the time necessary for
dewatering and the amount of water to be rencoved, which are major fac-—
tors influencing the kind and size of equipment needed.

4. Soils with high or medium permeability are drained by gravity
drainage methods. In these methods the force which produces drainage
is the weight of water., The graviily drainage methods are: pumping from
open sumps, wellpoints, and deep or shailow bored walls and drainage
with horizontal subdrains. 4

5. T sturated finc-grained scils, the lo: permeability re-
stricte the flow. Therefore, soils with average effective grain size
less than about 0.05 mm, or scils with low permeability, are more
rapidly drazined by vacuun methods. A vacuum is applied to the filters
surrounding wellpoints or we¢lls., The vacuum incrcaseg the force which

produces drainage.
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6. Soils with very low coefficients of permeability may be
stabilized by electro-osmosis. Dewatering of soft, fine-grained soils
with low permeatility can also be achieved by consolidation produced by
a load on the scil mass. Vertical sand drains, cardboard wicks, or
plastic drainage wicks are sometimes used to accelerate consolidation.

T. At this time, there is no practical and economicél dewatering
technique which can be used in the 1rapid dewatering of clay-size mate-
rials. BSeveral techniques have been proposed and some are investigated.
Centrifuge densification, vacuum filtration, use of wetting agents,
pressure injection of sand slurry, mechanical aerating, chemical floc-
culation, ultrasonic vibration, and evapotranspiraticn are under
consideration.

Wellpoint systems

8. Conventicnazl wellpoint systems. The wellpoint dewatering

method is the most common dewatering technigue used for construction
purposes. A wellpoint system consists of several wellpoints connected
to 2- to 3-in.-diam riser pipes and inserted into the ground atl a spac-
ing of 3 to 6 ft, by driving, jetting, or placing in drilled holes,

The upper ends of the riser pipes are attached to a horizontal header
pipe which leads to a combired vacuum-centrifugal pump. ‘The groundwater
is drawn by the pump from the surrcunding soil into the wellpoints and
through the system to the pump, which discharges the water into a dis-
charge line,

9. The wellpoint itself is z 2- to.5~ft—long, 2« to L-in.-diam
perforated pipe covered with a screen. It is constructed with either
closed ends or self-jetting tipz. Recently, nonmetal wellpoints have
been used, consicting of polyvinyl plastic pipes with machined slots
which resist corrosion and require relatively little maintenance, They
are more econcmical than metal wellvoints.

10. 1In soils finer than clean sands and sandy gravels, a sand
filter is necessary around the wellpoint te prevent clogging. The max-
imum depth of lowering the water table wilh one stage of wellpoints is
aboul 18 ft., The main advantage of the method is that several well-
points can be operated by a single pump.
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11. Vacuum wellpoint system. A vacuum wellpoint system is simi-~

lar to a conventional wellpoint system; the difference is that the well-
point and riser pipe are surrounded with a sand filter sealed at the
top by a plug of bentonite, cement, or clay. In additional to con-
ventional pumping equipment, a vacuum pump is attached to the header
pipe creating a vacuum in the sand filter and helping drawv water out of
the surrcunding soil.

12. The vacuum system can lcwer the water table to a depth of
18-25 ft in a single 1lift, but for these d:pths, the vacuum induced is
small. The method can be used for dewatering silty Tine sands and sandy
silts with a low coefficient of permeability.

13. Eductor wellpoint system. The jet-eductor wellpoiat system

consists of a wellpoint above which, in a 4-in.-diam casing, a jet-
eductor pump is located and a*tached to two riser pipes. The riser
pipes are connected to separate headers, one to supply water wnder pres-
sure to the eductor pumps and the other For the discharge from the well-
points. The Jet-eductor pumps make dewatering possible in a single
stage to a depth of 50-100 ft, The mcthod can be used for dewatering
sands or silty sands and, with proper control, sandy silts. It is use-
ful for large drawdowns where pumping volumes are small.

14, Horizontal wellpointing. A new dewatering method is cur-

rently being used in England. A machine excavates an 0.T75-ft-wide and
6- to 20-ft-deep trench, into which a long, 3- to b-in.-diam perforated
plastic plpc is laid horizontally. At random intervals the plastic
pipe is cut and connected to an unpcrforsted pipe, which is brought

up to the ground surface and connected to a wellpoint pump. The trench
is then backrlilled with the excavated material or with a granulsr fill.
The system can be installed cconomically in a very short time.

d

Deep well systems

15. Deep wells for dev cering are similar to commercial water
wells, A 6= to 36-in.-dizm casing with a length up to 100 ft or more is

instailed in a bored hole, %he casing is perforated some or all of its

length and provided with a screen. Recen%ly, the traditionally steel
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well screen has been made of glass fiber, which has a strength similar
to steel but is inert to corrosion.

16. If the soil is too fine-grained to be filtered by the screen
alone, & gravel-sand filter is placed around the screen. A deep well
pump is installed near the bottom of each well &ud attached to a riser
pipe. The riser pipe is connected to a suitable header system through
which the water is discharged,

17. Both the wellpoint and the deep well system may be used in
conjunction with a vacuum system %o dewater fine-grained sands and sandy
silts. Deep wells are highly effective for removing large volumes of
water from all types of permeable soils but installation and operatiocnal
costs are high.

Subsurface drainage systems

18. Subsurface drains are conduits embedded in a backfill of
filter material laid on the bottom of a trench which collect and dis-
pose of water that occurs below the ground surface.

19. A subsurface drainage system consists of three components:
the filter, the conduit, and the disposal system. Filter materials are

well-graded sand-gravel mixtures with two requirements: they must be

-

fine enough to prevent infiltration of the soil grains into the drain
and coarse and perviovs enough to permit the flow of water into the k.
drain.

20. The conduit collects water from the filter and carries it to
the disposal system. Conduits can be pipes cof metal, clay, plastic, or
fibrous material, or open-jointed tiles. The disposal system removes
the water from the area by gravity or by pumping.

21. BSubsurface drainage systems are effective in all types of
permeable soils. A

Vertical sand drains -

22, Vertical sand drains are used mainly in thick, highly com-
pressible deposits of organic soil, silt, or clay. Their purpose is to
accelerate the consolidation of compressible layers of fine-grained
soils. They provide vertical drainage outlets for water squeezed from

the surrounding soil by the weight of a surcharge load, thereby

Bl
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increasing the shear strength of the soft soil and decreasing post-
construction settlements to tolerable values.

23. Vertical said drains consist of a series of 6~ to 18-in.-diam
vertical cylindrical columns of free-draining sand, installed at 6~ to
15-ft spacings. The upper ends of the sand drains are connected at the
ground surface by & drainage blanket on which a surcharge fill is placed.
The weight of the surcharge fill squeezes water out ¢f the underlying
soft soil and causes flow toward the sand drains. The water rises in
the sand drains to the drainage blanket, where it drains away to the
sides of the area occupied by the drains. If the area extent of the
£ill is lerge, collector pipes or ground drains are provide¢ in the
drainage blanket. After the compressible soil formation has been con=-
solidated, the surcharge is removed., If the fine-grained compressible
soil formation overlies a pervious stratum, the drainage can be per-
formed downward into the more permeable stratum, which can be dewatered
with wells or wellpoints.

24k, Sand drains are installed by various methods. The displace~
ment method uses a hollow mandrel with a closed bottom plate which is
driven into the soil. The mandrel is filled with sand and then with-
drawn while the bottom plste opens. The sand is forced out by air pres-
sure to form a continuous sand column in the ground. The displacement
method of sand drain insteliation causes disturbance end "smear" in the
fine-grained soil in s zone next to the drain. While disturbance re-
duces the permeability of the disturbed zone, secondary compression
gettlements are reduced for smali loading increments. Nondisplacement
methods, such as augered holes or Jjetted holes, are sometimes used to
minimize disturbance but mey still cause some smear of the walls of the
holes, Dredged material is fully remolded and any installation method
could be uscd,

25. The surcharge load has to be applied in stages when the soft
soil is too weak to support the entire load. By overloading the ground,
shear failures may occur in ‘the subsoil and the sand drains are likely
to become discontinuous and ineffective. In a new type of vertical

send drain, sand is placed in Jute textile bags which resist shear
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failure of the drain caused by displacements, Stockings, made of woven
polypropylene, can also be filled with sand and used for vertical sand
drains.

26. The design of vertical sand drain systems has developed from
an empirical to a more rational procedure bpased on theoretical consoli-
dations. The theoretical principles needed in the design are based on
the consolidation theory as applied to radial flow. The following de-
sign data can be estimated: diameter and spacing of sand dra-ns;
thickness of drainage blanket; safe rates of load application; height
of surcharge fili necessary to produce a required degree of consolida-
tion; needed time for the completion of the project; and the amount of
settlement to be anticipated,.

27. One of the major rroblems with sand drain projects is shear
failure in the unstable subsoil during construction. To ensure against
these fallures, stability analyses should be made at various times dur-
ing the construction. ~

28, Since there are some uncertainties involved in the determina-
tion of calculated design data, field control observations are required
during and after construction. By measuring pore pressures and hori-
zontal and vertical displacements, the rate of loading canh be controlled
for various heights of fill placement.

29. 'The improved drainage afforded by .vertical sand drains accel-
erates primary consolidation (which is due to pore water extrusion) but
does not affect secondary compression. Settlements due to secondary
compression can be reduced by temporary surcharge loading.

30. Sand drains should not be expected to be of value in highly
organic deposits or peat subsoils, since such materials normally have
high coefficients of consolidation. The drains are useful beneath large
loaded areas supported by formations consisting of slternate strata of
sand and clay, but are not required if the loaded areas are small. Sand
drains are particularly effective in thick, homoszeneous clay deposits,
where, because of their low permeability and large drainage paths, con-
golidation without sand drains would be very slow.

31. The installation o1 .ertical sand dreins is rather expcnsive,
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therefore, the designer should first determine 1f it is necessary to
accelerate consolidation before recommending sand drains. Generally,
6 months to 2 yr is required for consolidation of a soft soil deposit
with sand drains.

32. Cardboard wicks. In Sweden, corrugated, band-shaped cardboard

wicks were tried instead of sand drains with a good result. These have
no capillary action and the use of the term "wicks'" to describe them is
probably incorrect. They are driven into the ground by a machine de-
signed for this purpose. The maximum driving depth is 65 f't. Card-
board wicks were used on a large-scale basis in the building of Halmson
Airport nesr Stockholm in a 23-ft-deep layer of very soft alluvial silt,
underlain by shell sand. Wicks have also been used in the port of
Antwerp, Belgium, and they are also extensively use®d in Japan.

33. Electro-osmaiic dewatering. Electro-osmatic or the electrical

drainage method can be highly effective in dewatering fine-gra’-ed soils,
such as silts, clayey silts, and fine clayey silty sands. This method

is quite costly because the power requirements are usually high, espe-
cially in saltwater areas. It is mainly used in those countries where
electricity is relatively inexpensive, such as Canada, Norway, and Swit-
zerland. It has been used only on a few occasions in the United States.

Dewatering dredged material

34, One purpose in dewatering dredged material is to increase the
storage capacity of disposal areas by reducing the volume of water in
the slurry. Ancther purpose is to develop land suitable for cultivation
or building sites.

35. In Holland, a deposit ares is prepared and divided into
smaller areas of lagoons. Arcund ithe lagoons small dikes and drainage
ditches are built. The slurry is pumped into vhe lagoons in 5-ft layers.
Each layer is left to drain for approximately 12 months through ocutlets
cut into the dike. The lagoons are filled and drained in rotation. By
this method a 15-ft-thick layer of dredged material can be dreined and
densified.

36, A chemical dewatering technique, the "Panfloc Method," used

in Japan, is based on the transformation of dredged slurry from a

BT




single—grained to an aggregated structure. A coagulant, carboxymethyl
cellulose grafted with acrylic acids (Panflcc X) is added to the
dredged material in the delivery pipe, causing clsy and silt particles
to coagulate with sand grains. The coagulated particles then settle
with an increased sedimentation velocity.

37. A method used at the Rotterdam (Holland) Harbor for preparing
drainage ditches in dredged material depots uses a vehicle supported
lengthwise by two cylinders which enable it to move on the mud surface.
Rotating s}p .-al cutting edges are mounted along the length of both
cylinders propelling the vehicle through the mud. The dredged material
is deposited into diked areas in layers about 1 m thick and consolidated
for 2 months. During this {time the emerging water is drained into a
canal outside the depot dike. A surface drainage system is then estab-
lished in three stages. During the first stage the vehicle enters the
depot and moves across the mud surface producing ditches in the mud

about 10 cm deep. Two months later, during the second stage, the

ditches are decpened by a set of small disk wheels pulled by the vehicle.

The mud is then left to consolidate for another 2 months. In the third
stage the big disk wheel is pulled by a tractor making ditches about
0.5 to 0.6 m deep and 10 m apart. When the first layer of mud has been
sufficiently drained and consolidated, a new layer is spread cut and
the treatment is repeated. With this procedure seven layers can be
deposited, which after drainage and shrinking decrease to a L-m final
thickness. About a 10-yr period is necessary to consolidate a seven-
layer depot and to change the dredged material from mud to earth.

38, Besides the above-mentioned dewatering methods, several other
methods are under investigation.

Dewatering industrial wastes

39. Dewatering of core tailings, sewage sludges, and industrial
wastes brings up similar problems which occur in connection with de-
watering dredged material. The study of methods used in dewatering
these materigls can help obtain a solution for dewatering dredred mate-
rial and vice versa, There are several dewatering techniques used by
industry, but unfortunately published information on the subject is

surprisingly scarce, .
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Densification

Vibroflotation

40. Vibroflotation techniques have been used extensively in den-
sifying loose granular materials with good results. Unfortunately, the

method becomes ineffective if the sand conteins fines 1n excess of about

k3
»

20 percent, with clays not responding to vibration at all.

41. TYor strengthening cohesive soils, the "stone column" or the

Myibro~replacement" technique is adapted., The technique may be applied

to any soft or firm cohesive soil. It can be used successfully even in
the treatment of soft organic clays. ' _

42, 1In the process, vertical holes are forﬁed in the ground by
vibroflotation. The holes are then backfilled with coarse gravel or
crushed stone, and compacted in stages by the vibration and weight of
the vibrofloat. The compacted granular columns interact with the
treated soil increasing the average shear strength and reducing the com-
precsibility of cohesive soils. They also act as drains and speed up
¢consolidation.

Precompressicn »of soils

43, TFrecompression, also called preloading or surcharging, is an
effective and economical procedure for improvang the bearing capacity
of weak, compressible subsoils prior to construction.

4. The method is especially effective on compressible scils in
which consolidation takes place rather rapidly such as soft, fine-
grained silts and clays, organic deposits, and sanitary landfills, Even
in such soils the available time limits the thickness of the soil layer
0 be precompressed to approximately 15 £4., 'Thinner layers of solls
that consolidate slowly can also be treated, but slowly consolidating
clays of great thickness are nct suitable for preiocading since the re-
Quired loading period to obtain the necessary settlcment is long. Ver-
tical drains car be installed to accelerate consolidation, if necessary.

L4L5. Precompression involves placement of a tempora:y surface load
over the arca to be loaded by the structure with load generslly exceed-

ing the ultimate structural load., This procedure squeezes water out of
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the soil veids, and when the desired percentage of consolidation is
reached, the load is removed. Due to the effect of precompression, the
consclidation is accelerated, the shear strength of the subsoil in-
creased, and the magnitude of postconstruction settlements reduced.

L46. Precompression is most frequently accomplished by placing dead
load in the form of earthfills or water in tanks or ponds over the area
of the future construction. The Elizabeth-Port Authority Marine Termi-‘
nal on Newark Bay was stabilized by using seawater. The preload was
provided by two reservoirs lineq with plastié membranes and filled with
water. One of the advantages of the water surcharge technigue is that
water can be placed and removed faster than earthfills.

4L7. Planning of a precompression project needs detailed subsoil
investigations, laboratory tests, and design analyses. During the place-
ment of the load and during the consolidation peried, fi~s1d observations
of settlement and pore pressure are required so that modifications can
eventually be made to assure the required result.

L8, The precompression method was introduced with the construction
of highway embankments, The method has been extensively used for.light
to medium buildings, oil storage tanks, and highway bridges. However,
its usé is not wdvisable wiere local highly concentrated loadings exist.

Compaction with mechaniecal equirment

L9. Compaction, or densification with mechapnical equipment, is a
standard method for impréving the bearing capacity of natural soil de-
posits or man-made fills. Compaction is effective only in partially
saturated soils; hence, the method is not apvlicable for densifying

dredged material and will not be reviewved,.

Thermal and Chuoriesl Soid Treatrment

,

Thermal scil treatment

4]

50. One mecthed of improving the physiczl properties of soilz i
to hexzt them to sufficiently high temperaturcs. Ty thermal ireatment,
the water conilent and comprtscibility of the soll are reduced and its

shear stirength and permeability increased. The thermal erergy reqguired
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to develop andequate soil strength depends on the water content and the
mineralogical and chemical composition of the soil. The regquired energy

varies widely from soll to soil, Thermal treatment is used as a pro-

- cedure for stopping slides and plastic flow in clays, for reducing un-

even settlements in socesked loess, and for improving the trafficability
of soils.

51. Thermal treatment of soils by burning fluid or gas fuel in
bor-ings was experimented and applied in the U, S. 8. R., Rumania, and
Japan. Since the thermal diffusivity of soil is small, a considerable
duration of combustion is necessary to increase the range of soil
solidification. The effective range of soil strengthening around a
boring at the burning temperature of L60°C, and for burning duraticn of
10 days, has a diameter of about 20 cm. The resuliing final strength
of soil is about 10 or 20 times the initial strength. Surface treatment
has been observed to a depth of about € iu.

Chemical soil treatment

52. Experience gained in the field of chemical soil treatment may
provide a method of changing the properties of dredged material to allow
better drainage possibilities. In the operation of water supplies,
sewage systems, and in the treaiment of papermill wastewater and other
industrial wastes, flocculanis are added to suspensions whi:h, by in-
creasing the electrical attraction between fine-grained particles, tend
to flocculate the particles, making larger particles of smaller ones.

The flocculation of the particles causes a rapid seltling rate and a

higher permeability for the settled dredged material.
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APPENDIX C: ECONCMIC EVALUATIONS

Settlement Under Temporary Surcharge Fill

1. Assume that soils plot on A~line and thet initial water

content = liquid limit; i.e., LA LL .
22b e - PI = 0.733 LL - 14.67
o1 : PI = 52 (LL - 20) or
]
o . 1L = PL* 14.67
0 20 50 0.733
LL
Soils Plotting on A-Line For Yo T LL s is
LL PL I G = 2.5 G=2.7
S0 28 22 1.25 1.35
100 4 59 2.50 2.70
150 55 95 3.75 L. 05
200 68 132 5.00 5.1.0
300 95 205 7,50 8.10
500 148 352 12.50 13.50
eO
e =wWG or w_=—7%
o) o o G
A arr L CCHO N pO + A"B
"' arn = l + e 1.0 —
) po
i a. CC from Hishida's relationship: Cc = 0.5k (eo - 0.35)
1 - R 4 +
& CC for Cc/l + e Cc for Cc/l e,
LL G =2.5 for G = 2.5 G=2,7 for G=2.7
: 50 0.486 0.216 0.5h0 0,230
¢ 100 1.161 0.332 1.269 0.343
B 150 1.836 0.387 1.998 0.396
. 200 2.511 0.418 2.727 0.ho6
L3 300 3.261 0.hsk h.185 0.460
500 6.561 0.486 7.101 0.490
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at the end of the main text.

*
b. From NAVFAC DM—775 for soils at the LL:
IL CC for eo Ccfl + eo
50 0.46 0.196
100 1.12 0. 307
150 1.76 0.371
¢. From Bishop and Vaughan (Figure 6 in Reference 2):
C /1 +e
c c o
LL _ c {Assume G = 2.5)
30 0.18 0.103
50 0.326 0.160
80 0.63 0.210
140 1.17 0.260
d. From Cc = 0.0l (1L - 13):
o Cc/l te,
LL c {(Assume G = 2.5)
50 0. 37 0.164
100 0.87 0.249
- 150 1.37 0.288
’ 200 1.87 0.312
b 300 2.87 0.338
: 500  L.87 0.361
i 75 0.62 0.216
w %
= 2.
. e. From CC = 1.3 % 100
} LL Cc Cc/l +e for G = 2.5
. 50 0.65 0.289
. 100 1.30 0.371
4 150 1.9 0.b11
K 200 2.60 0,433
?L" !
¥ Raised numbers refer to similarly numbered items in the References
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USE THIS AS CONSERVATIVE (LOW) VALUE FOR
Ceo/(1+ e5) SINCE ADDITIONAL STORAGE IS BEING CONSIDERED

ouf O
0 1 1 { 1 1 1 \ 1 |
o 100 200 300 400 sCO
Lo
C, b, * 4P
Settlement: AH = HO 1T+ o log .
o] pO
2. Assume that groundwater level at a 2-ft depth and
Youb = 28 pcf. Then assume P, = 266 psf.
_ ¢ /14 e I AE §8rft Cost/Cu Yd of Cost/Acre of
b8p, pst LL_ c o) o T Added Storage  Disposal Area
b 100 50 0.16 - 0.22 $h.55 $ 1,600
;-
: 100 0.25 0.35 2.86
i 150 0.29 0.40 2.50
: 200 0,31 0.43 . 2.38
500 50 0.16 G.73 . 6.85 8,1.00
) 1.00 0.25 1.15 4.35 l
. 150 0.29 1.33 3.76
d 200 0.31 1.k2 3.52 {
-
52 1000 50 0.16 1.08 9.26 - 16,100
'§ 100 0.25 1.69 5.92
B’ 150 0.29 1.96 5.10
R 200 0.31 2.10 4,76

3.

Assume that temporary surcharge fill weighs 100 pcf and does

not settle below groundwater level. For convenience, assume fill

cost = $1l/cu yd.

SN 2o el i S

M el sl n3: e ek




Then: Added storage obtained

(AH x area)/27, sq ft

Fill cost

$1/cu yd or for height of Hg

s M

Fill cost 9 3

area, sq ft

Cost of added storage obtained per cubic yard

_ fi11 cost . $1 % Hp x A - $1 x Hp in feet

" added vol 27 AH x A~ AH in feet

Temporary Surcharge Fill with Vertical Drains

4, Assume thickness of dredged material to be densified = 20 ft.
Asgume that 5 years time is available to secure 90-percent average den-
sification and that c, = 0.02 sq ft/day.

5. Place sand blanket on surface with collector pipes and assunme
one-way vertical drainage, i.e., no underdrainage.

Vertical drainage component:

2
T H tc .
Assume t = A or T = —L 3 at 5 years T = 2 X 365,x 0.02

c v 2 v 2

v H 20
_ T,

or T = 0.091 for which Uv= 34 percent and o= 0.66
o]

Combined radial and vertical drainage:

For U = 90 percent , then (E—) = 0,10 = (E—> X (3—>
ave u u u
o] o) AN}
ave v X
u _0.10 _ c = ne :
orx (uo/ = 5E " 0.15 and (U)r»— 85 percent.
radial -
tc
Also, T = ——
d2
e
For 12-in.-diam drains; from nomograph3o de = 9,2 ft for trianpgular

array or 9.2/1.072 = 8.5-ft outer circumference for squarc arrvay.
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For 20-ft-long drains costing $1/lin ft, the cost of drains = $1 x 20/
8.52 = $0.2768/sq ft treated area or $12,100/acre treated area.
Sand blankets:

For 1-ft~thick blanket the cost at $1/cu yd = $1 x 1/27

$1200/acre the total cost is:
Vertical drains $12,100/acre
Sand blanket 1,600/acre
Cellectors 1,200/acre

$0.03704/sq ft = $1600/acre treated area. For collector pipes at %

Total $14,900/acre, plus fill
Settlement of 20-ft-thick layer of dredged material:

__~CRUST, 91 pef 2

! D+
H x CC P, Ap

; AH = log
9] — 1445 9! l+e —

9 -

Upper layer: E. 28 x 4.5 + 182 = 308 psf

28 x 13.5 + 182 = 560 psf
Cc Pq *+ Op
log

I x 1+ eo —
) po

Lower layer:

>
==
1

Calculations in Tncreased Storage Volume

C
! op if:#i;‘ AHU AHL AHtotal Volume
psf LL o t 't £t cu yd/acre
100 50 0.16 0.18 0.190 0.28 L52
. , 75 0.22 0.2k 0.1k 0.38 613
100 0.25 0.27 0.16 0.43 694
_ 150 0.29 0.32  0.19 0.51 823
R 200 0.31 0.34  0.20 0.5 871
o 500 50 0.5 0.60  0.k0 1.00 1613
- 75 0.22 0.83 0,55 1.38 2226
4 100 0.25 n.94  0.62 1.56 2517
; 150 0.29 1.09  0.72 1.8 2920
it . 200 0.31 .27 0.77 1.94 3130
" 1000 50  0.16  0.90 0.64 1.5k oh85
y 75 0.22 1.2h  0.88 2,12 3h20
100 0.25 1.1 1,00 2.1 3888
150 0.29 1.64 1.16 2.80 Ls17
200 0.31 1.7 1.24 2.99 482k
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For:

Ap = 100 psf  Fill cost = $ 1,600/acre

Vertical drains = $12,100/acre

Collectors = 1,200/acre

Total $1L4,900/acre

Ap = 500 psf Fill (sand) = $ 8,100/acre

Vertical drains = 12,100/acre

Collectors = 1,200/acre

Total $21,400/acre

Ap = 1000 psf Fill = $16,100/acre

Vertical drains = 12,100/acre

Collectors =  1,200/acre

Total $29,400/acre

b Ap Cost of Added Storage

= ps LL $/cu yd
- 100 50 33.00
i 75 21.30
100 21.50
150 18.10
200 17.10
‘ 500 50 13.30
. 75 9.60
; 100 8.50
150 T.30
> 200 6.80
A 1000 50 11.80
E 75 . 8.60
N 100 7.60
150 6.50
200 6.10

Mo, . . oax
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Water Surcharge Ioad with Underdrainage, Surface
Membrane, and Collectors

6. New York Port Authority56 (NYPA) work cost for 63 acres is:

Cost/
Total Cost/Acre 3q Ft

PVC lining and reservoir
£filling to 21 ft T $625,500 $ 9,929 $0.23
Underdrains 63,900 1,01k 0.02
Instrumentation 16,500 261 0.01
Total $705,900  $11,204  $0.26

For NYPA work, PVC lining and filling cost $0.26/sq ft. Per discussion
with Dr. Charles E, Staff of Staff Industries, Inc:¥*

Liner, 10-mil thick $0.06/3q ft delivered
Liner, 20-mil thick $0.11/sq ft delivered
Labor to install $0.025/sq ft delivered

Per Mr. Staff, liner cost would be about $0.14/sq ft for 20-mil
liner or about $6100/acre.

4 Above liners are unreinforced PVC intended for single use.

7. For FVC reinforced with nylon scrim fabric with 100-1b tcar

) strength, as used in the permanent pond at U. S, Army Engineer Waterways
| Experiment Station (WES), the probable cost would be:

Liner $0.30/sq £t
) Labor 0.25/sq ft

Equipment 0.15/sq ft

Total $0.70/sq ft (or $30,500/acre,

L plus drainage)

y Using unreinforced PVC liner:
PVC liner wi*h filling $ 9,900/acre

ff Underdrainage layer 1,600/acre
Collectors 1,200/acre
Total $12,700/acre

* Personal communication, 10 Octoter 1975, Dr. Charles E. Staff, Staff
Industries, Inc. »
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Effect of water ponding: i
0.63 ft of soil load
6.3 ft of soil load ;
12.6 ft of soil load i

1 ft of water loading

it e 2

10 ft of water loading
20 ft of water loading

or
] 1 ft of soil load = 1.5G ft of water load
1
i S ft of soil load = 7.9L ft of water load ]
5 10 ft of soil load = 15.87 ft of water load ;
3
(Total cost = $12,700/acre) 3
Depth _ 3
Water Added Storage in Cu Yd/Acre Dollars/Cu Yd of Added Storage
I}Oﬁ.d LL I.T: ‘
ft 50 75 100 150 200 50 75 100 150 200 k

1.6 350 480 560 650 680 36.30 26.50 22.70 19.50 18.70
7.9 1180 1620 1860 2150 2290 10.80 T7.80 6.80 5.90 5.50
15.9 17hk0o 2400 2730 3160 3390 7.30 5.30 L.60 L4.00 3.70

Surface Vacuum Mat with Drainage layer and Collectors

v 8. TFor a vacuum induced in a sand blanket:

Induced Vacuum

Inches

y of Hg psi pst 1 in. of Hg = 1,133 ft of water
L i , ‘
- 10 k.9 707 ' 0.03342 atm

_ 15 7.4 1061 = 0.4913 psi ,
- 17 8.4 1203 = T0.743 pst ]

. 20 9.8 1415

‘ ;3 A vacuum of 15 to 20 in. of Hg can be attained. This can he regarded ;

ags equivalent to 1000-1400 psf, approx%mately. ror a 10-ft layer:

. C. p, *bp
e 5 B = 266 pst

= 2
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C, Ap = 1000 p=f Ap = 1400 psf

TFe AH AV AH AV

LL o £t cu yd/acre ft cu yd/acre
50 0.16 0.87 1h0b 1.02 16L6
75 0.22 1.19 1920 1.L0 2259

100 0.25 1.36 2194 1.59 2565
150 0.29 1.57 2533 1.85 2985

200 0.31 1.68 2710 1.98 319k
Assume cost as: 20-mil PVC membrane at $0.1k/sq ft = $6100/acre
1-ft saad blanket = 1613/acre
Collectors = 1200/acre
Construction cost = $8913/acre

Assuming that power and equipment costs are $50/day and that one shift
of labor cost = 12 x 8 x 5 = $500/week = $2000/month, say $30,000/year
+ 300 x 50; total = $45,000/year.

9. For a 10-ft thickness with one-way drainage (see Figure 30 of
main text), assume that pumping is required for 5 years to get 50-percent
consolidation. For 5 years, operating cost is $225,000, Assuming a

1,000~ by 3,000-~ft disposal area, or 68.87 acres, operating cost is

$3,267/acre.
Membrane and collectors = § 8,913/acre
Pumping =  3,26T7/acre
Total = $12,180/acre

Ap = 1000 psf Ap = 1400 psf
L AV , cu yd/acre Cost/Cu Yd AV , cu yd/acre Cost/Cu Yd
50 1L0k $8.60 1646 “$7.3kL
5 1920 6.29 2259 b.30
100 219k 5.51 2565 h.71
150 2533 L7 2985 .05
200 2710 4. L6 3194 3.78
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Underdrainage Densification

0
Y, "\(P -~
2' CRUST
—— -] e 2 CR
e WITHOUT - 455 \/
UNDERDRAINAGE !
— )\ (- — 5
EFFECTIVE STRESSES, PSF
266 b\ \'770
\
T WITH UNDERDRAINAGE Ny 10'

\\ p =406
~SAND LAYER —\__,-

Case 1: Groundwater level at base of dredged material., No suction in
pore water in dredged material.
Case 2: Same, with suction.
10. Compute set*lements and costs corresponding to the incre-
mental benefits of suddenly turning on the underdrsinage system after a

crust had formed. .

Case 1: 55 = 266 psf 55 + Ap = U55 psf, neglect crust settlement
Case 2: 5; = 266 psf P, + &p = T70 psf
CC
m* Case 1. ) Case 2
LL o AH , ft Cu yd/acre AL, ft Cu yd/acre
50 0.16 0.37 597 ' 0.74 1192
- 0.22 0.51 823 1.02 1638
100 0.25 0.58 936 1.15 1861
1.50 0.29 0.68 1097 1.3k 2160
200 0. 31 0.72 1162 2.h3 2308

11. Cost of obtaining underdrsinage varies with conditions, but
a8 collector pipe system on top of the foundation is probably the minimum
possibie that will be required to avoid building up high pore pressures
in a natural sand foundation. In this case, assume collector cost as
$1200/acre.

12. If a sand blanket must be provided, assume sand is available

Cl10
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at $1/cu yd by dredging deeper, and use collector pipe system

Sand = $1613/acre
Collectors = 1200/acre
Total = $2813/acre

Cost/Cu Yd of Added Storage

Case 1 Case 2
Collectors Sand Blanket Collectors Sand Blanket
LL Only and Collectors Only and Collectors
50 $2.01 $L.T1 $1.01 $2.36
75 1.46 3.42 0.73 1.72
100 1.26 3.01 0. 64 1.51
150 1.09 2.56 0.56 1.30
200 1.03 2.42 0.52 1.22

Underlying Drainage lLayer with Vacuum Pumps

13. BSee Figure 36 of main text for conditions assumed--compute
benefits assuming that crust has formed to 2 ft, 55 = 266 psf,
P, * Ap = 2210 psf, and H =10 ft.

' Ce
j ’ LL L ‘o ?E cu yﬁyacre
i 50 0.16 1.47 - 237k
75 0.22 2,02 3264
100 0.25 2.30 3709
' 150 0.29 2.67 k302
} 200 0.31 2.85 4599

Pumping required:

It is difficult to describe what is

; Yaverage." 'As an extreme case, assume
- ‘ l } ; seepage entrance face at perineter of
- . —] L i disposal area with sand at surface.

l‘.‘l

IR w—
¢ - e —
Sur--
. Y , 1
2% NATURAL (OR /' 10' SANDP LAY ER R _:*—“IPS ?5,1\[VACUUM
ARTIFICIAL)Y BLANKET .- IN FOUNDATION : : AND

\
S PUMPED WELLS
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14, Effective length of blanket is 1/a tunh (al) , where

N
KeZp2y

L = length of blanket, approximately ~00 ft.

Take k. /k, = 1/10 , . a= Y1/10 * 10 x 2 = 0.0707107 .

tanh (al) = tanh 21.213 = 1.00
S effective length = 14,14 ft

q = kfiA = kf(lO/lu.J ‘10 per foot of perimeter
For kf = 0,01 fpm, q = 0. x 100/1L4.1 = 0.07092 cfm/ft
or q = 0.53 gpm/ft

For a disposal area 1000 ft x 3000 ft, Q = L240 gpm. In addition,
flow would be increased by water draining from dredged material as it
consolidates. Assume

AH = 2 ft in 1 year

_ 2 ft % 1000 ft x 3000 ft
365 = 1hLO

= 11.42 cfm = 85 gpm
and

Q = 4325 gpm tolal fiow.

15. Assume three 100-hp pumps would be used. For electric pumps,
approximately 63 kw at $0.02/kwhr = $1.26/hr:

3 pumps = 3 x 1.26 x 24 = $50.72/day power cost
Assume automatic pumps with one man on day shift only:

Labor at 315/hr including overhead and profit = $120/day.
Equipment - $30,000/ycar.

For a l-year period:

Power: 3065 days at $90.72 = $ 33,100/year
Labor: 120 x 5 x 52 e 31,200/year
Equipment rental . = 30,000/year

Total = $100,000/year

$100,000 x L3,560
1,000 x 3,000

or cost/acre = = $1,h52/year.

16, For a 10-ft-thick layer and c, = 0.01 sq ft/day,

Cciz2
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U = 50 percent in 5 years (see Figure 30 of main text).
a. For no underdrainage sand layer, cost = $1L450/acre/year,

b. With l-ft-thick underdrainage sand layer and collector
pipes, cost is:

Sand at $1/cu yd

i

$ 1,613/acre

Collectors = 1,200/acre
Fumping (5 x 1,450) = 7,250/acre
Total = $10,063/acre

Cost/Cu Yd for S-year Pumping

IN\Y 50% x AV Pumping with Sand
LL cu yd/acre cu yd/acre Pumping Only and Collectors
50 237k 1187 $6.11 $8. 148
75 3264 1632 L. Lo 6.17
100 3709 1854 3.91 5.43
150 4302 2151 3.37 L.68
200 4599 2299 3.15 4,38

If consolidation proceeded more rapidly. volume of storage would be in-
creased and cost per cubic yard might be decreased--possibly by 100 and

50 percent, respectively.

Water Surcharge Load with Underdrainage--Tio iMembrane

17. Settlement induced by seepage above that induced by initial

desiccation and consolidation

c D+ bp
_ e . o
AH = H T+ e log 5

o} o

where H = 8 ft; 2-ft crust inccmpressible

c S0% = AV Cost/Cu Yd

i M AV . in 5 Years Initial Fill

LL o 1, cu yd/acre cu yd at $100/Acre
50 0.16 0.756 1219 610 $0.16
75 0.22 1.039 1676 838 0.12
100 0.25 1.181 1905 952 0.10
150 0.29 1.370 2210 1109 0. 09
200 0.31 1. L6k 2362 1181 0.08

Cl3
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8. Pumping required: TFor 1-ft settlement per year and
1000-ft by 3000-ft area

_ 1 ft x 1000 ft x 3000 ft _
bq = 365 x 14L0 =5.T cfm

or Ag = L42.7 gpm, but this would not be
required to maintain Hw at 10 ft,

b. Seepage: Q= kiA =1 x 1071 x 2 x 1,000 x 3,000 = 0.60 cfm
or Q= 4,5 gpm or 6,L63 g/day or 194,000 g/month.

¢. Evaporsation: Evaporation will equal yearly rainfall in
areas where dredging is done.

d. Initial filling: Assume filling in 1 month,

10 £t x 3000 ft x 1000 ft

Q= 30 days X 1LLO

= 2272 cfm = 17,000 gpm

To 1ift water a total of 20 ft:

e

(Work done =10 ft x 3000 ft x 1000 ft, x 20 ft x 63 pef)

N quantity 7 )y
ft~1b
x 3,77 x 1071 = 1002 kwnr
Labor = 8 hr at $15 = #120/day; 1000 ft x 3000 ft
) = 68.87 acres. Approximately 33000 total cost to f£ill. ;

& L
Coust/acre = %%g%%.= $h3.56/acre

Assume $100/acre tc fi1ll with water (see tabuiation

above for cost/cu yd of storage obtained). Note that the E

presence of intermediate drying crusts would decrease |
v consclidation of material above crust and increase that

of material below crust. Also note that underdrainage

is assumed.

18. 1If natural effective underdrainage does not exist, cost would

s be increased by: ,
1-ft sand blanket at $1/cu yd = $1633/acre
R Collectors = 1200/acre
; Total $2832/acre

For this case, costs are:

4
|
!
; |
3
|
|
]
]
|
%
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Cost/Cu ¥Yd
of Added Storage

100% AV LL w/100% AV
1220 50 $2.32
1680 5 1.69
1900 100 1.kLo
2210 150 1.28
2360 200 . 1.20

Desiccation

19, Volume decrease that occurs from desiccation can be related
to effective stresses induced. From data given by Bishop and Vaughan,2

it appears that drying depths from field observations are:

Depth Time
ft Year
0.1 0.07
0.5 0.5
1.2 3.0
2.4 7.0
20. For surface suction of one atmosphere, depth d“O to which
rd
) suction has increased to 0.50 atm in time t is:
T
: dgq = 0.99/Evt !
3 or 1.02 dgo '
t = —
c
v
. for c, = 0.02 sq ft/day :
dSO t¥ -
| _ft Year o
o 0.5 0.03 .
s 1.0 0.1k 3
A 1.5 , 0.31. 3
. 2.0 . 0.56 E
b 2.5 0.87 £
3.0 1.26 4

* 1-3 ft/year might
be practicable.

21, From Figure 29 of the main text, potential volume increases

g €15




for the initial volume corresponding to percent w = 2 x LL .

%!- from w% = 2 x LL to LL, % ‘
o) 50 106 150 200
LL 36 L2 Ly L6 :
PL 52 66 T2 76 1
LL to PL 16 24 28 30
[
22, For 10 ft of dredged material, added storage volume for dry- i
ing from LL to Pl will be: } 1

LL
50 100 150 200

Added storage
cu yd/acre 2580 3870 L4520  43Lo

o LAt

Assuming that this will require three men for 1 month/year for 10 years,

labor cost would be $15/hr including overhead.
3 %x 22 x § x 15 = $7,920/year x 10 = $79,200
For a disposal area of 1000 ft x 3000 ft or 68.9 acres,

total cost = $1150/acre
then:

50 100 150 200

' Cost/cu ya for
additional storage $0.45 $0.30 $0.25 $0.2k

. Note that these costs do not include equipment costs. Increase by

¥ $30,000/$79,200 or 37.9 percent for equipment. Then total cost is

3 $1,610/scre and .

‘F“:; ]‘J L
X 50 100 150 200 ]
‘ Cost/cu yd for

additional storage $0.62 $0.L2 $0.36 $0.33
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Raising Dikes to Obtain Added Storage—--No Treatment

23. For raising dikes:
-

aH + 5

//// BH +5+8AH N OH

2
_ (en B 8, lom
Vo‘(z *5)"27“ 5% * o

L6l + 8AH + 10  AH _ 16H(AH) + BAA° + 10 oK

2 27 5,

AV _ 16H(AH) + 8BH- + 10(AH)

Y 8H + 10H
) AV per foot for: Ho , ft ML s CuAgéizt
2 10 0.5 1.61
? 1.0 3.30
'ﬁ 1.5 5.06
| 2.0 6.89

2.5 8.80

' 2.0 10.78

24, For a 1000~ io 3000-fi disposal area:

- Av

8000 x AV/ft

e AV_ _ 8000 x av/ft

L area  68.87 acres




AV of Dikes
: cu yd/acre

f AH , Tt Disposal Area
| o 2
i 1.0 383
' 1.5 588
| 2.0 800
- 2.5 1022
' 3.0 1252

: Added storage volume
ro i obtained by raising dikes

E AV  of Dredged

i Material
é AE , Tt cu yd/acre
g 0.5 806
: 1.0 1613
? 1.5 _2k20
2.0 3226
) 2.5 4033
; 3.0 4839
L
R Cost of added storage assuming dike cost of $1.00 per cu ya:
§ i Cost of Added Storage i
; AH , ft per acre per cu yd ?
E 0.5 $ 187 $0.23
% ' 1.0 383 0.2k
i 1.5 588 0.24
| 2.0 800 0.25
? f 2.5 1022 0.25
b 3.0 1252 0.26
£
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APPENDYX D: NOTATION

Area of dispcsal area

Base width of disposal area
Coefficient of consolidation
Compression index

Uniformity coefficient

Depth

Effective diameter of area tributary to sand drain
Effective particle size

Void ratio

Initial void ratio

Specific gravity

Thickness of dredged material; length of one-way drainage path;
initial height of levee

Height of temporary fill

Initial thickness

Height of water

Hydraulic gradient

Coefficient of permeability

Coefficient of permeability of blanket
Coefficient of permeabilit; of sand layer
Length of disposal area

Liquidity index

Liquid limit

Effective stress

Initial effective stress

Plasticity index

Plastic limit

Discharge per unit time per unit length of perimeter
Discharge per unit time

Time

Time factor for radial drainage

Time factor
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sub
Ae

4p
Aw
AH
A
Aty

Av

Aversge excess pore wvater pressure

Initiul excess pore water pressure

Average excess pore water pressure in vertical drainage only

Percent consolidation

Average percent consolidation for vertical drainage only

Original volume

Average percent conscolidation in vertical drainage and vertical
consolidation .

Water content

Initial water content
Thickness of blanket

Thickness of sand layer

Submerged unit weight

Change in void ratio

Increase in
Decresase in
Decresase in
Lover layer
Upper layer

Decrease in

effective stress

water content

dredged material thickness
change in thickness

change in thickness

volume
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